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ABSTRACT 
 
In automotive industry, the weight reduction in vehicles can be achieved by using new 
designed lighter engineering materials such as aluminum or magnesium alloys. To 
maintain the same performance as reducing the weight of the vehicles, high strength 
material has to be used. This study was aimed to develop a solution for casting high strength 
wrought aluminum alloys and magnesium alloys. Some critical process parameters need to 
be precisely pre-determined. The interfacial heat transfer coefficient is one of the most 
important factor.  
At beginning of this study, an experiment has been carried out to characterize the pressure 
distribution in the die cavity during squeeze casting of magnesium alloy AM50. This 
experiment aimed to reveal the changes of pressure distribution with the cavity geometry 
as well as the local cavity pressure at various locations during the solidification process. 
To understand the solidification and microstructure refining phenomena, squeeze casting 
of magnesium alloy AJ62 were performed under an applied pressure 60 MPa by using the 
simple cylindrical mold. 
A more complex shape casting mold with five different section thicknesses (2, 4, 8, 12 and 
20 mm) was then developed. Wrought aluminum alloys 5083, 7075 and magnesium alloy 
AM60, AJ62 were squeeze casted under different applied pressures of 30, 60 and 90 MPa. 
With measured temperature, heat fluxes and interfacial heat transfer coefficients were 
determined using the inverse method. By observing the IHTC versus time curve profiles, 
the IHTC peak values of each step were found to increase accordingly as the applied 
pressure increased. In comparison with the thinner steps, the relatively thicker steps 
VII 
 
attained higher heat fluxes IHTCs values due to high local pressures and high melt 
temperature. 
Finally, the empirical equation relating IHTCs to the local pressures and solidification 
temperature at the casting surface were derived for wrought aluminum alloy 7075 and 
magnesium alloy AM60. For magnesium alloy AM60, the calculated IHTC values by using 
the inverse method were integrated into the casting simulation software (MAGMAsoft) to 
simulate the solidification process of the 5-step casting. The results indicated that the 
numerical calculated temperatures were in good agreement with the experimental 
measured temperatures. 
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CHAPTER 1 
 
1. INTRODUCTION 
 
With increasingly stringent government regulations and growing market demand, lighter 
vehicles and engine downsizing has become an urgent and essential task for the automotive 
industry. The weight reduction in vehicles can be achieved by new designed lighter 
engineering materials such as aluminum or magnesium alloys. Traditionally, passenger 
vehicle engine output is much more powerful than required for average driving usage. To 
deliver such high power using a large engine indicates that almost all of the time the engine 
is operating at a tiny fraction of its maximum power and therefore inefficiently. To improve 
its efficiency, engine downsizing has become an established trend in the automotive 
industry in the past few years. Downsizing is referred to as the installation of a small engine 
in a vehicle which meets the performance aspirations of a driver by designing the engine 
to operate at extremely high powers when needed. The most common approach to 
achieving this goal is through turbocharging and/or supercharging the engine. Both 
techniques compress the air entering the engine, allowing more fuel to be burnt and more 
power to be generated. 
In the past few years, the development and application of three cylinder engines have 
attracted great interest from researchers and designers in the automotive industry. The basic 
advantage of a three-cylinder engine over a four-cylinder is that it is inherently more fuel 
efficient (as there is one cylinder less of volume of fuel to burn). The smaller the engine 
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size, the less fuel it will burn making the system more fuel efficient. However, to maintain 
the engineering performance and output horsepower of downsized engines, high strength 
materials must be employed. 
It is well known that aluminum weighs only one-third of iron. Thus, to further reduce the 
weight of engines, high strength aluminum alloys and their compatible manufacturing 
processes need to be developed. Generally, there are two balancing strategies for light 
weighting:  
1) reducing weight of body and chassis components through advanced materials and; 
2) developing light materials for engine and powertrain.  
The first strategy is of replacing heavy low/mild carbon steels with high strength steel, 
aluminum or fiber-reinforced polymer composites. The properties and manufacturing of 
these materials are well established, and research and development activities have been 
placed on cost-effective processes for joining and recycling them. The second strategy is 
longer and targets a 50-70% weight reduction for some engine components through use of 
materials such as aluminum and magnesium alloys. However, more extensive R&D is 
needed to better understand the properties of these materials and reduce their 
manufacturing costs.  
Increases in magnesium alloys for automotive application have driven the increasing in 
demand for the magnesium alloys, especially for manufacture of die-cast components. 
According to Australian Magnesium Corp Ltd (AMC), die-cast magnesium automotive 
components consume about 150,000 tons/year of magnesium alloys. It has seen a 30% 
increase over the last eight years, and has been forecast to continue to grow at a rate of 3% 
annually. This substantial and sustained increase in magnesium consumption has led to 
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significant changes in the magnesium manufacturing industry and has encouraged supplies 
to develop their processes and alloys and identify potential future applications of 
magnesium for both cast and wrought products [1]. 
Wrought components are generally shaped by conventional methods such as 
forging/rolling, which are high-energy intensive process. Squeeze casting is an economical, 
single-step near-net shaping process and have advantages of manipulating the 
microstructure within the material thereby isotropic properties can be achieved in the 
components. Besides, wrought grade alloys cannot usually be produced by conventional 
casting processes to attain the same level of tensile properties. However, progress in casting 
methods in recent years has made it possible to product wrought alloy by squeeze casting 
techniques [2].  
Squeeze casting is a general term to specify a fabrication technique where, liquid metal is 
fed into a permanent die and pressure is applied via a hydraulic ram until solidification is 
complete. Squeeze casting is also known as liquid metal forging, squeeze forming, 
extrusion casting and pressure crystallization. It is a casting process in which liquid metal 
solidifies under the direct action of pressure. The major advantages of squeeze casting: 1) 
produced parts are free of gas porosity or shrinkage porosity; 2) feeders or risers are not 
required and therefore less metal wastage occurs; 3) alloy fluidity (castability) is not critical 
in squeeze casting as both common casting alloys and wrought alloys can be squeeze cast 
to net shape with the aid of pressure; 4) squeeze castings can have enhanced mechanical 
properties as wrought products. On the other hand, some results show that the mechanical 
properties of squeeze casting alloys increase; the grain size and the dendrite arm spacing 
decrease and more dendrites appear with the increase of applied pressure [3]. 
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Squeeze casting offers high metal yield, no or minimum gas or shrinkage porosity, 
excellent surface finish and low operating costs. This process provides probably the most 
effective and efficient route to produce near net-shape components and metal matrix 
composites for engineering application. Among all of the casting techniques available 
today, squeeze casting has greater potential to create less defective cast component. Since 
the as-fabricated components can be readily used in service or after a minor post-
fabrication treatment, squeeze casting is regarded as a net or near net-shape fabrication rote. 
The majority of components are currently squeeze-cast from conventional Al-Si casting 
alloys such as A356. It has been reported that the pressure applied during squeeze casting 
also alloys wrought Al alloys, particularly the heat-treatable 2000 (Al-Cu), 5000 (Al-Mn-
Mg), 6000 (Al-Si-Mg), and 7000 (Al-Zn-Cu-Mg) group, to be cast to shape to give high-
strength, ductile components [4-6].  
Extensive effort has been made for the last forty years to determine the precise interfacial 
heat fluxes and IHTC at the mold/metal interface. Meantime, many casting simulation 
models have also been developed. Mathematical modelling has changed the way that the 
traditional foundry works. Instead of experiment trails, casting simulation helps to do the 
analysis and optimization in advance of the casting process. The casting simulation also 
helps to make the production more efficient and cost effective by shortening development 
time, detect product defects prior to the real casting process. The accurate modeling of the 
metal casting processes requires reliable knowledge of the interfacial heat transfer 
coefficient (IHTC) at the mold/metal interface as a function of both time and location. 
IHTC is an important factor which determines the quality of the product due to influence 
of the thermal history of the casting on the microstructures of the final product.  
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2. OBJECTIVES 
 
In the present work, the major effort was placed into analyzing and accurately determining 
the interfacial heat transfer coefficients (IHTCs) for simulating squeeze casting of light  
metals such as wrought aluminum alloys and magnesium alloys. The objectives of this 
work were: 
1. To develop an experimental tooling for local pressure measurement during squeeze 
casting of wrought aluminum and magnesium alloys; 
2. To develop an experimental tooling for temperature gradient measurement in order 
to estimate the IHTCs at the metal/mold interface; 
3. To investigate and select modeling techniques to accurately determining IHTCs at 
the metal/mold interface; and 
4. To investigate the relationship between the IHTCs, local pressures and section wall 
thicknesses of the squeeze castings. 
5. To understand non-equilibrium solidification behaviour and grain structure 
evolution of magnesium alloy AJ62 under various applied pressures. 
 
3. DISSERTATION OUTLINE 
 
This work embodied in this dissertation is described in a total of ten chapters: 
In Chapter 1, introductory remarks are provided, the objectives and a general description 
of the outline of the work is presented. 
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In Chapter 2, a literature review for this work is carried out. Squeeze casting of the wrought 
aluminum alloys and magnesium alloys were investigated. Various IHTC estimation 
methods are presented. The inverse Heat Conduction Problem (IHCP) method is explained 
in detail. 
In Chapter 3, an attempt has been made in characterizing the pressure distribution in the 
die cavity during squeeze cast of magnesium alloy AM50. In squeeze casting processes, 
cavity pressures directly affect the heat transfer coefficients between casting and mold, and 
subsequently the solidification behavior of castings. For process optimization, it is very 
important to understand the distribution of applied pressure in a die cavity. In this work, 
piezo-electric quartz pressure transducer was integrated into a die cavity with different 
geometrical shapes. The experiments have been carried out to reveal that the pressure 
distribution changes with the cavity geometry. Also, the change of the local cavity 
pressures at various locations in the duration of casting solidification was observed. 
In Chapter 4, thermal and pressure sensors were employed to evaluate the evolutions of 
temperature and pressure distributions in a cylindrical squeeze casting. Investigation on the 
non-equilibrium solidification phenomena and microstructure development of magnesium 
alloy AJ62 under various applied pressures has been carried out. 
In Chapter 5, with the 75-ton hydraulic press machine and P20 steel die mold, a 5-step 
casting of magnesium alloy AJ 62 with wall thicknesses of 2, 4, 8, 12 and 20 mm was 
prepared by squeeze casting technique under an applied pressure of 60 MPa in a hydraulic 
press. The interfacial heat transfer coefficient (IHTC) between the die and casting was 
determined from the temperature measurement inside the casting and throughout the die at 
a distance of 2,4 and 6 mm to the die surface. The temperature readings were recorded by 
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fine Type-K thermocouples. Based on the thermal gradient, the heat flux (q) and IHTC 
were evaluated using the energy balance method. 
In Chapter 6, a 5-step squeeze casting experiment using aluminum wrought alloy 5083 
with applied hydraulic pressure of 60 MPa has been designed and conducted. The 
temperature profiles inside the die and casting were measured. Based on the temperature 
measurements of the casting at each step and the temperature at difference distance 
underneath the die surface (2, 4 and 6 mm) of each step, the inverse method of heat 
conduction was introduced and applied in determining of heat flux and heat transfer 
coefficient at the metal/mold interface. 
In Chapter 7, a 5-step castings of magnesium alloy AM60 with different wall-thicknesses 
(2, 4, 8, 12, 20 mm) were poured under various hydraulic pressures (30, 60, and 90 MPa) 
using an indirect squeeze casting process. Thermal histories throughout the die wall and 
the casting surface have been recorded by fine Type-K thermocouples. The in-cavity local 
pressures measured by pressure transducers were explored at the casting-die interfaces of 
5 steps. The metal/mold IHTC in the 5-step casting were determined based on experimental 
thermal histories data. The empirical equations relating the IHTCs to the local pressures 
and the solidification temperature at the casting surface were developed based on the 
multivariate linear and polynomial regression. 
In Chapter 8, a 5-step casting mold was employed with section thicknesses of 2, 4, 8, 12 
and 20 mm. Wrought aluminum alloy 7075 was squeeze cast under an applied pressure of 
60 MPa in a hydraulic press. The temperature at the die surface was estimated by the 
polynomial extrapolation method, which required the temperature values at different 
locations inside the die. With the temperature measurements and the estimated die surface 
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temperatures, the heat flux and interfacial heat transfer coefficient were calculated at the 
metal/mold interface. 
In Chapter 9, a 5-step casting was designed for numerical determination of casting 
thickness-dependant IHTCs, in which cross-section thicknesses of 2, 4, 8, 12 and 20 mm 
were included. Squeeze casing experiments were performed under the applied hydraulic 
pressures of 30, 60 and 90 MPa. Based on the temperature measurements of the casting at 
each step and the temperatures at difference depths underneath the die surface (2, 4 and 6 
mm) of each step, the inverse method was applied in determining of heat fluxes and heat 
transfer coefficients at the metal/mold interface when heat conduction took place during 
the pressurized solidification of wrought aluminum alloy 7075. The influence of the casting 
section thicknesses and the applied hydraulic pressures on the heat transfer coefficients 
was investigated. 
In Chapter 10, important conclusions drawn from the preceding chapters are summarized, 
together with suggestions for future work to original knowledge. 
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CHAPTER 2 
LITERATURE REVIEW 
1. WROUGHT ALUMINUM ALLOYS 
Main alloying elements in wrought aluminum alloys are Cu, Mg, Zn, Si, and Mn; various 
alloying systems can be realized by combining these elements and others. Figure 2.1 
provides an outline of aluminum alloys, which can be classified into non-heat treatable 
types and heat-treatable ones where age hardening can be effectively used [1]. 
 
Figure 2- 1: Classification of wrought aluminum alloys [1]. 
 
Non-heat-treatable type alloys can be strengthened by alloying Mg, Mn, Si, etc., which can 
form a strain field for the difference in atomic radius with one of aluminum. When 
dislocations move on a slip plane, the strain field obstruct movement. This phenomenon is 
termed solid solution strengthening. Meanwhile, solute atoms lock the dislocation 
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movement and the phenomenon is termed a pinning effect. Also, annealed alloys 
(dislocation density ~108/cm2) can be strengthened by cold working for increasing 
dislocation density (dislocation density ~1010-12/cm2), and called work hardening. This 
type of aluminum alloys consists of 1000, 3000, 4000, and 5000 series alloys according to 
their chemical composition [2]. 
Heat-treatable type alloys usually contain elements such as Cu, Mg, Si, and Zn, which have 
high solid solubility at high temperatures, but rather lower solubility at room temperature. 
When an alloy is quenched from high temperature (solution treatment) and aged (T6 
treatment), precipitations like the Guinier-Preston (GP) zone and intermediate phase 
appear [3]. Accordingly, alloys can be strengthened by suppressing dislocation movement 
with precipitates (precipitation hardening) are, for instance in 2000, 6000 and 7000 series 
alloys. The precipitation hardening heat treatment involves stages, which listed in the table 
below. 
Table 2- 1: Precipitation hardening heat treatment stages [4] 
Solution 
treatment 
(T4) 
 Part is heated to a temperature above the solvus temperature in order 
to dissolve the second phase in the solid solution.  
 The part is held at this temperature for a time varying from 1hour to 20 
hrs until the dissolving is accomplished.  
 The temperature and the soaking time of solution treatment should not 
be too high to prevent excessive growth of the grains.  
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Quenching  Quenching is carried out in water, water-air mixture or sometimes in 
air.  
 Objective of the quenching operation is to obtain supersaturated solid 
solution at room temperature.  
 Since the second phase retains dissolved at this stage, hardness of the 
quenched alloy is lower than after age precipitation, however higher 
than hardness of the alloy in annealed state.  
Aging 
(T5) 
 Depending on the temperature at which this operation is carried out, 
aging may be artificial or natural. 
 
Among these alloys, high strength 2000 and 7000 series alloys are notable for application 
to aircraft for their strength characteristics. For automotive industrial application, various 
casting alloys are used for engine parts and wheels. As wrought material, 5000 and 6000 
series alloys are mainly applied as extruded or rolled products. In the case of wrought alloys, 
characteristics of fatigue, fracture toughness, creep, and resistance to stress corrosion 
cracking are considered to be the most important factors. 
 
2. PROCESSING OF WROUGHT ALUMINUM ALLOYS 
Wrought components are generally shaped by conventional methods such as 
forging/rolling, which are high-energy intensive process. Squeeze casting is an economical, 
single-step near-net shaping process and have advantages of manipulating the 
microstructure within the material thereby isotropic properties can be achieved in 
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components. Besides, wrought grade alloys cannot usually be produced by conventional 
casting processes to attain the same level of tensile properties. However, progress in casting 
methods in recent years has made it possible to product wrought alloy by squeeze casting 
techniques [5].  
Basically, there are three stages during solidification processes.  
 
Figure 2- 2: Schematic drawing illustrating the three stages of solidification process at 
metal/mold interface. 
 Stage 1, at the beginning of solidification, the contact between molten metal and 
mold can be assumed good. Heat transfer is made through conduction from molten 
metal to the die. 
 Stage 2, as solid layer forms, the metal shrinks away from the die and a 
discontinuous air gap forms. So, the die and solid metal becomes partial contact. 
The heat transfer is made through metal/mold conduction at the contact surface and 
through radiation at the air gap. 
 Stage 3, the solidified metal pulls away completely from the mold wall and the heat 
transfer is made only through the air gap. 
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To eliminate the pull-away action in stage 3, external force can be employed to keep the 
metal in contact with the mold as long as possible during the solidification process (stage 
1). Squeeze casting technique could be one option to accomplish this task. 
Squeeze casting is a general term to specify a fabrication technique where, liquid metal is 
fed into a permanent die and pressure is applied via a hydraulic ram until solidification is 
complete. Squeeze casting is also known as liquid metal forging, squeeze forming, 
extrusion casting and pressure crystallization. It is a casting process in which liquid metal 
solidifies under the direct action of pressure. The major advantages of squeeze casting: 1) 
produced parts are free of gas porosity or shrinkage porosity; 2) feeders or risers are not 
required and therefore less metal wastage occurs; 3) alloy fluidity (castability) is not critical 
in squeeze casting as both common casting alloys and wrought alloys can be squeeze cast 
to net shape with the aid of pressure; 4) squeeze castings can have enhanced mechanical 
properties as wrought products. On the other hand, some results show that the mechanical 
properties of squeeze casting alloys increase; the grain size and the dendrite arm spacing 
decrease and more dendrites appear with the increase of applied pressure [6]. 
Squeeze casting offers high metal yield, no or minimum gas or shrinkage porosity, 
excellent surface finish and low operating costs. This process provides probably the most 
effective and efficient route to produce near net-shape components and metal matrix 
composites for engineering application. Since the as-fabricated components can be readily 
used in service or after a minor post-fabrication treatment, squeeze casting is regarded as a 
net or near net-shape fabrication rote. 
The majority of components are currently squeeze-cast from conventional Al-Si casting 
alloys such as A356. Squeeze casting of wrought Al alloys, particularly the heat-treatable 
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2000 (Al-Cu), 5000 (Al-Mn-Mg), 6000 (Al-Si-Mg), and 7000 (Al-Zn-Cu-Mg) group has 
been attempted to make light weight high-strength and ductile materials. For example, it 
has been reported that the squeeze cast 7010 alloy has a UTS of 551 MPa and a ductility 
of 12.2%, similar to the UTS and ductility of the same alloy in the wrought condition. The 
tensile properties of the squeeze cast alloy have been shown to be grain-size dependent, 
fine grain structure always resulting in a higher tensile strength and ductility [7-9].  
 
3. HEAT TRANSFER IN SQUEEZE CASTING 
 
For conventional forming process such as forging or welding, the shapes of the product 
cannot be economically formed in one piece in a single process. With casting process, it is 
possible to fabricate large and intricate shapes in one operation. The inefficiency of casting 
operations of the past has been improved significantly upon through numerous innovations 
that have taken place so that precision cast components can be produced as reported by 
Higgins [10]. One method that has gained acceptability in casting processes is the squeeze 
casting [11]. Squeeze casting is one of the improved casting techniques used for the 
production of engineering components mostly in non-ferrous metals by the application of 
external pressures on the cast metal to eliminate defects associated with shrinkage cavities 
and/or gas porosity. By squeeze casting operation, the liquid molten metal is compressed 
under pressures inside the mould cavity of a re-usable metal mould, usually made of steel. 
Squeeze casting offers considerable saving in cost for large production quantities when the 
size of the casting is not very large. Das and Chatterjee [12] reported that the permanent-
mold casting method becomes impracticable when large castings and alloys with high 
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melting temperature applied. On the other hand, the mold used in squeeze casting process 
apart from being re-usable and its economic advantage has the advantage of producing 
good surface finish, close dimensional tolerance and defect free products [12]. 
The solidification process of the molten aluminum in the steel mold takes a complex form. 
All mechanisms of heat transfer are involved and the solidifying metal undergoes state and 
phase changes during solidification of metals [12, 13]. The final structure and properties 
of the cast alloy rely on the casting parameters such as applied pressure, die temperature 
and pouring temperature of the liquid metals [14]. 
Kim and Lee [15] studied time varying heat transfer coefficients between a tube-shaped 
casting and metal molds. They found that the heat transfer coefficients at the interface of 
the inner mould decreased temporarily and then increased, while the one at the outer 
interface of the mold decreased monotonously to a quasi-steady state. 
 Browne and O’Mahoney [16] carried out experimental determinations of interface heat 
transfer coefficients relating to solidification range, metallostatic head, investment shell 
thickness, pre-heat and interface geometry and concluded that effect of metallostatic head 
was only significant for long freezing-range alloys while increasing shell mould thickness 
and pre-heat also had effects that were alloy dependent.  
Maeng [17] investigated the effect of processing parameters on the microstructure and 
mechanical properties of modified B390 alloy in direct squeeze casting by using 
commercial finite volume method code for heat transfer analysis, and MAGMAsoft for 
cooling curves. In this model, the heat transfer was considered constant for a specific 
applied pressure. 
17 
 
Krishna [18] estimated the IHTC for A356 during an indirect squeeze casting process. They 
calculated temperature histories inside the die and casting with varied IHTC values, and 
chose the best correlation one between measured and calculated values. The authors 
concluded that there was a critical value of squeeze pressure beyond which the heat transfer 
did not significantly improve. 
 
4. INTERFACIAL HEAT TRANSFER COEFFICIENT 
 
As well as the delivery of liquid metal, heat transfer between a solidifying casting and the 
mold is another critical factor for achievement of high quality in the final product. When 
liquid metal is infiltrated into the mold cavity, heat is simultaneously transferred from the 
cast to the mold. It is important to understand the heat transfer behaviour at the metal/mold 
interface. It determines the quality of the product because the thermal history of the casting 
greatly influences the microstructures of the final product. 
For any newly developed material, the most common industry practice is to assume IHTC 
values as constant during the casting cycle, although some modellers have used time or 
temperature dependent values. These coefficients are only roughly estimated based on 
engineering judgement. Variations in IHTC over the surface of the casting are generally 
not accounted for, except by rough estimates. In the case of squeeze casting, metal-mold 
heat transfer, as for example, indicated by solidification time, applied pressure and casting 
section thicknesses, are very sensitive to the interfacial heat transfer coefficient. A 
quantitative basis for establishing IHTC’s is needed by the industry. 
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The IHTC essentially quantifies the resistance of heat flow from the casting to the mold. 
In reality, the surface of the casting and the mold are not perfectly flat. As the contact 
pressure at the metal/mold interface becomes reasonable high, most of the energy transfer 
via a limited number of actual contact spots. The heat flow transferring from the casting to 
the mold can be characterized by a macroscopic average metal/mold interfacial heat 
transfer coefficient (IHTC) according to the following Equation 2-1: 
ℎ =
𝑞
𝐴(𝑇𝑐𝑠−𝑇𝑑𝑠)
                                                   2-1 
where, ℎ ：the interfacial heat transfer coefficient; 
            𝑞 ：the average heat flux at the metal/mold interface; 
           𝐴 ： the cross-section area; 
          𝑇𝑐𝑠 : the casting surface temperature, and 
         𝑇𝑑𝑠 : the casting surface temperature and die surface temperature, respectively.  
From Equation 2-1, the higher the value of ℎ, the more heat transfer from the casting to the 
mold and the greater the heat flux from the casting to its surroundings. The quantification 
of heat flux in terms of a heat transfer coefficient requires that the heat capacity is zero so 
that the thermal diffusivity is infinite, and consequently heat fluxes entering and leaving 
the interface are equal. The heat transfer coefficient shows a high value in the initial stage 
of solidification, the result of the good surface conformity between the liquid core and the 
solidified shell. As solidification progresses, the mould expands due to the absorption of 
heat and the solid metal shrinks during cooling. As a result, a gap develops because 
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pressure becomes insufficient to maintain a conforming contact at the interface. Once the 
air gaps forms, the heat transfer across the interface decreases rapidly and a relatively 
constant value of ℎ is attained. During the subsequent stage of solidification, a slight drop 
in the interfacial heat transfer coefficient with time can be observed. This might be caused 
by the growth of oxide films on chill and mould surfaces, and by a reduction in the thermal 
conductivity of the interfacial gas with declining temperature [19]. 
 
4.1 Analytical interfacial heat transfer 
 
Extensive effort has been made for the last forty years to determine the precise interfacial 
heat fluxes and heat transfer coefficients at the metal/mold interface. Among the 
mathematical methods described in the literature, there are three main groups could be 
found, which are purely analytical, empirical, and numerical methods based on the methods 
of finite difference or finite element.  
 purely analytical techniques, the assumption of a constant interfacial heat transfer 
coefficient is made in order to obtain an analytical solution for the Fourier heat 
conduction equation [20-21].  
 empirical methods, do not require the rigorous solution of the Fourier equation, but 
they involve analyzing experimental data by means of semi-analytical formula [22].  
 Finally, numerical techniques, (methods for solving the inverse heat conduction 
problem), are applied to determine the exact values of the time dependent interfacial 
heat fluxes, and the instantaneous heat transfer resistances at the metal/mold 
interface [23]. 
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Garcia et al. [19] developed a mathematical heat transfer model by considering the 
solidification of metal under the superimposed effects of thermal conduction and 
Newtonian thermal contact. They assumed that the thermal properties of metal and mold 
are invariant during solidification inc1uding the heat transfer coefficient. Lead and 
aluminum alloys were used as cast metals and the Virtual Adjunct Method (VAM) was 
developed to predict the temperature profiles within the metal and cooling mold. 
Lipton et al. [22] extended this concept to describe temperature distributions and the 
position of the solidus and liquidus isotherms. An Al-4.5%Cu melt was solidified in a 
water-cooled mold. They showed that the solidus and liquidus isotherm positions could be 
described by a quadratic polynomial function of temperature distribution in the solid, 
mushy zone, and liquid, by error functions. 
Based on work with Al-Cu alloys and permanent copper molds, Prates et al. [23] evaluated 
the value of heat transfer coefficients as a function of the surface density of predendritic 
nuclei and heat extraction capacity. They also proposed a nucleation mechanism to explain 
the initial formation of a metal-mold interface with solid-solid contact. The postulation was 
based on the fact that, on a microscopic scale, the chill surface was not completely smooth 
and consisted of small asperities protruding from the surface profile. Their results showed 
that for a critical value of heat transfer coefficient larger than 2.5 kW /m2K, the 
multiplication mechanism was not effective in the formation of the chill zone even in the 
presence of highly turbulent flow. A multiplication mechanism corresponds to the 
separation of crystals from the dendrites growing in a thermal or constitutionally super 
cooled liquid. For a coefficient lower than this, the laminar turbulent transition of fluid 
flow greatly improved the effectiveness of the multiplication mechanism. 
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4.2 Numerical analysis of interfacial heat transfer 
 
As solidification progresses, the metal and mold either stay in contact at isolated asperities 
on the microscopically rough surfaces, or an interfacia1 gap separating the meta1 and mold 
gradually develop. One of the first significant works on this interfacial heat transfer 
mechanism for metal-mold systems was carried out by Beck et al [24] and Ho and Pehlke 
[25-27]. They determined the IHTC value via the two independent methods: 
1. A computer solution of the inverse heat conduction problem (IHCP) using 
thermocouple measurement at selected locations in the casting and mold. 
2. Measurements of the variation of interfacial gap size with time and deriving the 
IHTC values from heat transfer data across a static gap. 
For both types, a rapid drop of interfacial heat transfer coefficient occurred during the 
initial stages of solidification due to changes in interfacial conformity. In the case of an 
interfacial gap, the heat transfer coefficient was affected by the magnitude of interfacial 
separation. On the other hand, provided that interfacial contact pressure remains relatively 
constant, the final thermal conductance for the case of a contacting metal-chill interface 
was principally a function of the mechanical finish of the mold as well as the material 
properties with respect to oxide formation and wetting. 
Similar experiments were carried out by Nishida et al. [28] for cylindrical and flat castings 
of pure aluminum and Al-13.2%Cu alloy. The mold shape was found to affect the heat 
transfer coefficient and the formation of the air gap was detected by monitoring mold and 
casting movements during the solidification. In the case of cylindrical molds, the mold 
moves outwards away from the casting, while in rectangular molds, the mold surface 
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moves first inwards towards the casting, then outwards. It was also found that for the 
weakly constrained rectangular mold, the inward movement is even larger than for a strictly 
constrained one. 
 
4.3 Interfacial heat transfer from various casting experiments 
 
Taha [29] studied the solidification of Al-4.5Cu cylindrical castings with 12.5 mm diameter 
and length 95 or 230 mm in a vertical end-chill apparatus. IHTC values were assumed as a 
function of time and repeated computations were performed for varying IHTC values until 
experimental cooling curves matched those were computed. Then, the air gap and IHTC 
were computed using a numerical model which took into consideration metal and mould 
shrinkage and expansion, gas film formation, and metallostatic pressure. 
Cho and Hong [30, 31] studied the IHTC for a squeeze casting process using Al- 4.5Cu 
alloy, and reported IHTC values of about 1000 W/m2K prior to pressurization which 
rapidly increased to around 4700 W/m2k at a pressure of 50 MPa for a cylindrical casting 
in a steel mould. 
Michel [32] investigated the IHTC for Al-Si alloys in steel mould with and without 
coatings. They found that no coating or thin graphite coating resulted in the highest 
maximum IHTC. For pure aluminum, a 100µm vermiculite coating yielded higher IHTC 
values than a 300µm coating. They also found that the mould initial temperature had a 
greater impact on the IHTC than the coating. 
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Carroll [33] examined the effect of interfacial contact pressure on the IHTC for aluminum 
alloy casting against steel moulds. The average IHTC increased as the pressure was 
increased. The IHTC versus temperature curves were divided into three zones. The first 
zone saw a steady decrease in IHTC due to decreasing interfacial heat flux, and the IHTC 
increased in the second zone, which had 35% to 60% solid fraction. After casting surface 
reached 60% solid, the interface started to transform from a condition of high conformity 
to low conformity. In low pressure experiments, the IHTC dropped rapidly with 
temperature in the third zone while an approximate plateau was reached for the high 
pressure experiment. 
Kim et al [34] conducted experiments of pure aluminum cast into a cylindrical copper  
mould to determine the effects of coating and superheat on the IHTC. While the cast alloy 
was liquid, the IHTC was influenced by mould surface roughness, the wettability of the 
alloy on the mould, and the physical properties of the coating layer. Due to the abrupt 
surface deformation of the casting, an IHTC drop was observed at the onset of solidification. 
The air gap and the direct contact between the casting and mould affected IHTC values. 
They claimed that when the cast metal was in the solid phase, the IHTC was not affected 
by the type or thickness of the mould coating, and only depended on the thermal 
conductivity and thickness of the air gap. 
The accuracy of a solidification simulation depends on the accuracy of the heat transfer 
modeling. Modeling of the heat transfer at the metal/mold interface of a casting is very 
challenging due to a number of factors. One of the greatest modeling challenges is to 
properly handle air gap formation. Besides the different casting techniques, casting process 
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parameters, and casting geometry shapes, some additional influencing factors need to be 
also considered to determine IHTC accurately. These factors include: 
 the pressure at the interface (the applied pressure during squeeze casting, the 
orientation of the casting with respect to gravity casting); 
 alloy characteristics (superheat, composition, mushy zone, liquid surface tension); 
 mold processing conditions (mold materials, roughness of contacting surface, 
coating type and thickness, preheat temperatures). 
Since so many factors play a role in the heat transfer between the surface of the solidifying 
casting and the mould, determining accurate IHTC is very specific to a given casting shape 
and process. Most of the studies have been performed using cylindrical or plate castings, 
of which IHTC results cannot be easily applied to complex casting geometries. Griffiths 
[35] pointed out that small errors in experimental measurements of temperatures in a 
casting or mold could result in very large differences in IHTC calculation. Therefore, it is 
essential to explore an effective method to reduce the experimental measurement errors 
and consequently increase the accuracy of IHTC. 
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5. MATHEMATICAL MODELLING 
5.1 Direct problem 
 
Figure 2- 3: One-dimensional wall with boundary conditions. 
Direct heat conduction problems are the determination of temperature distribution inside a 
heat conducting body by applying the specified boundary conditions. For a one-
dimensional heat conduction problem through a uniform wall, as show in Figure 2-3. On 
the left hand side, 𝑥 = 0, the surface is insulated, on the right hand side, 𝑥 = 𝐿, is subjected 
to heat flux 𝑞(𝐿, 𝑡). This problem can be described by the following equations: 
𝜕𝑇(𝑥,𝑡)
𝜕𝑡
= 𝛼
𝜕2𝑇(𝑥,𝑡)
𝜕𝑥2
, in 0 <  x < L, for t > 0                                           2-2a 
𝜕𝑇(0,𝑡)
𝜕𝑡
= 0, at x = 0, for t > 0                                                        2-2b 
𝑘
𝜕𝑇(𝐿,𝑡)
𝜕𝑡
= 𝑞(𝑡), at x = L, for t > 0                                                   2-2c 
T(x, 0) = 𝑇0(𝑥), for t = 0, 0< x < L                                                 2-2d 
where, 
α: thermal diffusivity               𝑇: temperature 
𝑘
𝜕𝑇(𝐿, 𝑡)
𝜕𝑡
= 𝑞(𝑡) 
𝜕𝑇(0, 𝑡)
𝜕𝑡
= 0 
𝑥 = 0          𝐿               𝑥 = 𝐿 
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𝑥: space coordinate                    𝑘: thermal conductivity 
L: thickness of the wall             q: heat flux 
For the case where the boundary condition at x=L, the initial condition T0 (x), and the 
thermos-physical properties α, and k are all specified, the problem given by equations 2-2 
is concerned with the determination of the temperature distribution T (x, t) in the interior 
region of the solid as a function of time and location. 
 
5.2 Inverse problem 
 
Inverse problems are concerned with the estimation of boundary conditions from the 
knowledge of thermal history in the interior region of the solid. In many engineering 
problems, a precise determination of the thermal boundary condition may not be feasible 
[36, 37]. For instance, the application of a sensor unit may alter the thermal condition in 
the boundary region which could affect the actual values of the temperature measurements.  
Since the temperature at interface is difficult or important to be directly measured, the 
inverse method in heat conduction is popular in the field of materials processing. By 
applying the inverse methods, thermal properties of materials or heat transfer at the surface 
of a body could be found. In the case of metal castings, the inverse method of heat 
conduction is useful in the determination of heat flux or interfacial heat transfer coefficient 
at the metal/mold interface. To characterize interfacial heat transfer with the inverse 
method, the temperature history at one or more points within the domain body need to be 
supplied [38]. 
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The inverse methods are involved in the determination of the unknown function q(t) at the 
surface x=L. To determine the heat flux q(t), the measured temperature are given at an 
interior point, xm at different times ti (i=1, 2,…,I), over a specified time interval 0 < t < tf. 
The mathematical formulation of the inverse problem could be expressed as below: 
𝜕𝑇(𝑥,𝑡)
𝜕𝑡
= 𝛼
𝜕2𝑇(𝑥,𝑡)
𝜕𝑥2
, in 0 <  x < L, for 0 < t  ≤ tf                                  2-3a 
𝜕𝑇(0,𝑡)
𝜕𝑡
= 0, at x = 0, for 0 < t  ≤ tf                                             2-3b 
𝑘
𝜕𝑇(𝐿,𝑡)
𝜕𝑡
= 𝑞(𝑡) = (𝑢𝑛𝑘𝑛𝑜𝑤𝑛), at x = L, for 0 < t  ≤  tf                             2-3c 
T(x, 0) = 𝑇0(𝑥), for t = 0, 0< x < L                                            2-3d 
where, 
α: thermal diffusivity               𝑇: temperature 
𝑥: space coordinate                    𝑘: thermal conductivity 
L: thickness of the wall             q: heat flux 
The boundary surface function heat flux is unknown. Thus, this version of the problem is 
referred to as a boundary inverse heat conduction problem. The main objective of the direct 
problem is to construct the temperature field in the wall (Figure 2-3), when all parameters 
are specified, i.e. α, k, q, and T0. On the other hand, the objective of the inverse problem is 
to estimate heat flux from the measured temperature at some specified section of the 
medium (xm = 0). 
Inverse analysis is extensively used in materials modeling. However, the inverse heat 
conduction analysis is an ill-posed problem since it does not satisfy the general requirement 
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of existence, uniqueness, and stability under small changes to the input data. Furthermore, 
the output of an inverse solution to a heat conduction problem is very sensitive to 
measurement errors. To overcome such difficulties, many techniques for solving inverse 
heat conduction problems have been proposed [39]. In this work, Beck’s nonlinear 
estimation technique [40, 41] was applied. 
 
6. SUMMARY 
 
Squeeze casting is an emerging casting technique for manufacturing of light alloys in the 
industry. More fundamental research is needed for a scientific understanding of the heat 
transfer at the metal/mold interface. As stated in the above sections, there are many 
published information on the study of the interfacial heat transfer coefficients between cast 
metal and the mold by using squeeze casting process, but there are few or no published 
work yet on casting complex shape with the variation in section thicknesses and applied 
pressures. Also, most of the works are studied on the conventional cast alloys, there are 
limited works on casting of wrought aluminums and magnesium alloys. 
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CHAPTER 3 
CHARACTERIZATION OF LOCAL CAVITY 
PRESSURES IN SQUEEZE CASTING OF 
MAGNESIUM ALLOY AM50 
NOMENCLATURE 
 
D Diameter 
E Young’s modulus 
h Heat transfer coefficient 
H enthalpy 
k thermal conductivity 
L length 
P        pressure 
q heat flux 
r, z cylindrical co-ordinate direction 
R radius 
T temperature 
 
 
 
Greek Symbols 
 
α Thermal expansion coefficient 
ε Strain 
σ stress 
ν Poisson’s ratio 
 
Subscripts 
1, 2, 3 Principal Stress directions 
b bulk 
c casting 
d die 
w mold wall 
x, y, z direction 
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1. INTRODUCTION 
 
The most distinguished characteristic in squeeze casting process is that solidification starts 
and ends under an applied pressure. The effects of pressure include: reduction of porosity, 
change of the equilibrium diagram and reduction of grain size [1, 2]. Therefore, the cavity 
pressure during the squeeze casting process is one of the critical factors in making 
soundness casting. However, in practice, the cavity pressure usually is not listed as a 
process parameter, instead, the hydraulic pressure is measured and used as specific 
pressure, or the cavity pressure is even eliminated as a quality control variable by simply 
using big machine and providing more than the required press load [3]. The main reason 
was that the real characteristics of cavity pressure in squeeze casting had yet to be fully 
understood. 
Due to the extreme hostile environment of squeeze casting cavity (the thermal, mechanical 
and chemical conditions in the die), there was rare reliable pressure sensor which can 
withstand such conditions. Therefore, it was almost impossible to measure the cavity 
pressure directly. So, it was not surprised that compared to total of about 1000 published 
papers related to squeeze casting, there are only very few research about the cavity 
pressure.  
Matsubara et al [4] was probably one of the earliest published research related to topics of 
cavity pressure characteristics in squeeze casting. They measured the difference between 
the load applied and the load reached at the bottom of cavity in squeeze casting of pure 
aluminum, aluminum alloys and copper alloys, the friction force at the casting/mold 
interface was estimated. 
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Iwata et al [5] studied the transfer ability of molten metal pressure in the squeeze casting 
of Al-Si alloys, and found that the occurrence of shrinkage cavity depended on the duration 
of the transferred pressure, not so much as the value of the transferred pressure.  
Krishna and Pehlke [6] tried using pressure transducer to directly measure cavity pressure 
in a squeeze casting, but only measured one location in the gate. 
With the advent of new pressure transducers, several researchers have successfully carried 
out measurement of the cavity pressure in die casting [7-12]. In this study, an attempt has 
been made in characterizing the pressure distribution in the die cavity.  A piezo-electric 
quartz pressure transducer was integrated into a die cavity with different geometrical 
shapes.  The experiments have been carried out to reveal that the pressure distribution 
changes with the cavity geometry. Also, the change of the local cavity pressure at various 
locations in the duration of casting solidification was observed.  
 
2. THEORETICAL CONSIDERATIONS 
 
The magnesium alloy solidification process involves multiphase transforming from liquid 
to semi-sold, and then to solid. Different from most of other casting processing, a high 
pressure is applied during all the solidification process of squeeze casting, and casting 
deformation happens due to the external pressure. Therefore, it is necessary to analyze the 
deformation mechanism in every stage. 
 
2.1 Thermal Contraction  
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During the solidification of squeeze casting, the temperature of molten metal decreases,  
consequently it results in a volume contraction ΔVs, which can simply be expressed as:  
                                             ΔVs = T V                                                                  3-1 
where,  is coefficient of thermal expansion, T is the change in temperature, and V is the 
original volume. 
The speed of volume contraction vs depends on the solidification rate. Therefore, for 
squeeze casting, the speed of pressure buildup vp must be faster than vs. Otherwise, the 
applied force could not be able to act on the casting surface, consequently, defects such as 
shrinkage porosity are generated in the casting [13].  
 
2.2 Hydrostatic deformation 
 
At the beginning of the solidification, the poured (filled) melt is in liquid state. Upon 
pressure being applied, it is typically under hydrostatic deformation if the melt temperature 
is still above the liquidus temperature. Under such a circumstance, all interfaces have the 
same pressure, and the only deformation is the volume change due to pressure, which is 
affected mainly by the bulk modulus or volumetric modulus of elasticity.  
 
2.3 Plastic Deformation 
 
As the melts continues to cool down, it first becomes mushy state and then solid forms 
from outside to inside. Since the yield stress of magnesium alloys at high temperature is 
very low, plastic deformation must be considered when it is within this temperature range.  
Generally, the yield stress at high temperature can be expressed as: 
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 )(exp TTb mm                                                            3-2 
where σm is the yield stress at melting temperature Tm, b is a temperature factor, T is the 
temperature of the material [13].  
Levy-Mises Equations (Ideal Plastic Solid) describe the plastic deformation as following 
[14, 15]: 
d
d



   1 1 2 3  [ ( )]                                                      3-3 
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d



   2 2 1 3  [ ( )]                                                     3-4 
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


   3 3 2 1  [ ( )]                                                      3-5 
Where ε1,  ε2, and  ε3 and principal stresses. ν is poisson’s ratio. ε, σ is effective strain and 
stress. 
The yield criteria for ductile metals (Von Mises criteria) is: 
  2/12132322210 )()()(
2
1
                                                3-6 
where σo yield stress in uniaxial tension. 
 
2.4 Elastic Deformation 
 
When the solidified part temperature is low enough where the yield stress is higher than 
the pressure applied, only elastic deformation occurs. For elastic deformation, Hook’s law 
is valid [14,15]: 
tconsE tan


                                                               3-7 
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where E is the modulus of elasticity in tension or compression. The stress-strain relations 
are: 
    x x y z
E
  
1
[ ( )]                                                           3-8 
    y y x z
E
  
1
[ ( )]                                                          3-9 
    z z y x
E
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1
[ ( )]                                                        3-10 
ν is poisson’s ratio, for A356 it is 0.3. 
εy =εz = - νεx                                                                                                 3-11 
For two-dimensional problem in elasticity, Airy’s stress function combines both 
equilibrium and compatibility equations together into an integration [16]:  
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Where Φ is stress function, 
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Considering the consequence of temperature change over the elastic body, we have: 
   4 2 0 E T                                                            3-13 
 
2.5 Friction between casting and the mold 
 
(i) Coulomb Friction. Friction is proportional to the stress normal to the surface of the 
workpiece. The proportionality is defined by a coefficient of friction which is assumed to 
be constant throughout the metal forming operation. 
tf = m sn                                                            3-14 
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where tf = friction stress tangential to the surface 
m = coefficient of friction 
sn = compressive stress normal to the surface (contact pressure) 
This law is not applicable to bulk metal forming because high contact pressures are 
involved. At high contact pressures the Coulomb law predicts friction stresses greater than 
the shear strength of the metal and sticking rather than sliding is modeled at the interface. 
Coulomb friction is more applicable to sheet metal forming where surface pressures are 
lower. 
(ii) Tresca Friction. Friction stress at the contact surface is equal to a fraction of the shear 
yield stress of the work piece material. It is calculated using a constant friction factor.  
tf = m k                                                          3-15 
where m = friction factor 
  k = shear yield stress of the work piece 
This law is applicable to bulk metal forming because, unlike Coulomb friction, the amount 
of friction is independent of the normal stress at the surface. 
(iii) Viscoplastic Friction. Friction is rate dependent. It is calculated from a constant friction 
factor, the work piece velocity relative to the tool velocity, a power index and the 
consistency of the work piece material. 
tf = −α K v p                                                             3-16 
where α = friction factor 
v = relative velocity 
p = sliding velocity sensitivity index 
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This law is very similar to the Norton−Hoff formulation used by FORGE2 to describe the 
metal flow.  
 
3. EXPERIMENTAL SETUP AND PROCEDURES 
                        
            (a)                                                                           (b) 
Figure 3- 1: Scheme diagram showing the locations in which pressure transducers and 
thermal couples are embedded in the system, (a) top view, and (b) cross-section view. 
 
The squeeze casting system studied in this project is schematically shown in Figure 3-1, 
which consisted of a 75 tons hydraulic press, die, melting furnace and data acquisition 
system.  The die assembly used to carry out the casting composed of two parts: the upper 
mold of casting cavity with a diameter of 0.1016 m and a height of 0.09652 m; and the 
bottom sleeve with a diameter of 0.1016 m and a height of 0.127 m and plunger. This 
combination enables to make a cylindrical casting with a diameter of 0.1016 m and a height 
of 0.08 m. Both the upper die and the bottom sleeve are heated by Acro-lab ceramic band 
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heaters, which are controlled by Shinko Temperature Controller separately. All 
experimental alloys were melted in a Lindberg electric resistance furnace. Magnesium 
alloy AM50 was held and melted in a mild steel crucible with a maximum holding capacity 
of 2 liters. Melting was carried out individually according to each casting. The temperature 
of the melt was regularly measured by an OMEGA digital thermometer during the melting. 
The molten metal was poured directly from the crucible into the sleeve to minimize the 
melts temperature drop. Protection gas (Sulfur Hexafluoride SF6 0.5% + carbon dioxide 
CO2) was used during both melting and casting magnesium alloys to protect the melt from 
any excessive oxidation or possible burning. Pressure transducers (type 6175A2, Kistler) 
were mounted in the mold to measure directly the cavity pressure at different locations. 
The transducer type 6175A2 consists of a high temperature quartz sensor built into a rugged 
adapter. The transducer has a front diameter of 8 mm, is flush with the front of the adapter, 
separated by a cylindrical gap of <10 μm, and measures the pressure directly. The working 
range of this transducer is 0-200 MPa, it can stand an environment of 400oC, and the 
temperature of the melt touching the front of the sensor can be as high as 850oC. For the 
top surface, pressure sensors were incorporated into the die at 4 different locations (#1, #2, 
#3 and #4), as shown in Figure 1, to measure the local pressure variations during casting 
process. The purpose of those locations was to sense the ability of transferring the hydraulic 
pressure from the plunger head through the solidifying casting to the top end. 
For the side surface, although the sensor face is capable of being shaped with EDM 
machining to the cavity contour, in order to save the sensors, an in direct pressure 
measurement was chosen with a pin of 11mm diameter placed in the cavity, and the 
pressure sensor mounted behind the pin. Along the plunger moving direction, three 
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pressure sensors mounting locations (#5, #6 and #7), as also shown in Figure 3-1, were 
chosen to evaluate the pressure distribution on the die side surface.   The purpose of those 
locations was to sense the ability of transferring the hydraulic pressure from the plunger 
head through the solidifying casting to the perpendicular surfaces. The thermocouple 
probes (KTSS-116U-12, OMEGA) were inserted into the cavity to measure the casting 
temperature. The data acquisition system (DAS) used in the testing was made by the 
Technical Support Center, which contains its own dedicated Processor: PCI-6033E 
(National Instrument). It consists of 8 temperatures (K-type) channels and 8 sensor 
channels. The analogue signals from the thermocouples and pressure transducers were sent 
to a data acquisition system through connector: SCB-100 (NI), and ultimately saved in a 
computer driver for permanent storage.  
A software was developed based on Lab View so that it enables to program and monitor 
the process. The testing magnesium alloy AM50A, with chemical composition within the 
range of ASTM specification (Al4.5-5.3%, Mn0.28-0.50%, Zn<0.20%, Si<0.08%, 
Fe<0.004%, Cu<0.008%, Ni<0.001%, Be0.0005 – 0.0015% and Mg Balance), was used in 
this experimental investigation. 
The operation procedure was: (a) Pre-heated the die to required casting temperature, and 
selected the operating parameters; (b) when the metal was ready, the molten metal was 
poured into shot sleeve; (c) the lower platen with the sleeve was moved up to close the 
upper die cavity, the melts was fed into the cavity by the piston; (d) a pressure was applied 
to the part right after the die cavity was filled, it was held down for a preset dwell time; (e) 
Piston retracted, and the lower platen returned to its original position, removed casting by 
an ejection pin. The cycle was repeated.  
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4. RESULTS AND DISCUSSIONS  
 
4.1 Pressure distribution on the surface of a cylindrical casting 
 
The initial pressure distribution on a cylindrical casting surface under applied pressure of 
70 MPa and 35 MPa were shown in Figure 3-2. Obviously, the pressure distribution was 
not uniform either on the side or on the top surface.  
 
                              (a)                                                                  (b) 
Figure 3- 2: Initial pressure distributions on the casting surface under applied pressure of 
(a) 70 MPa and (b) 35 MPa. 
 
But, with checking the cooling curves at different locations in the casting, as shown in 
Figure 3-3, it was found that some area (outside) of the casting solidified when the filling 
was finished, which means a solid shell had already formed when the pressure was applied, 
therefore, it was impossible for the casting to be solidified under a hydrostatic pressure.  
In Figure 3-2, the characteristics of pressure distribution on the side surface along the force 
direction can be explained that, in a closed cavity, for surface perpendicular to the direction 
of applying force, the force (pressure) was transferred by distortion as described in sections 
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2.3 & 2.4, basically, the larger the applied force the larger force transferred. The decrease 
trend of pressure along the force direct certainly should be attributed to the friction between 
the casting and the mold, which was also the main reason for degrading the applied force 
transferred to the top surface. Based on this, the relationship of applied force, side pressure 
and top pressure can be expressed as: 
 
h
0
r
0
ts
2
a rdr2)r(Prdh2)h(fPrF                                            3-17 
where Fa is applied force, Ps (h) and Pt (r) pressure distribution on side and top surface 
respectively, f is the friction factor on casting/mold interface, h is the height of the casting 
and r is the radius of the casting. 
Based on this equation and the experimental data of pressure distribution, it was estimated 
that friction factor at side casting/mold interface was around 0.2 for the initial, and about 
0.45 when the pressure distribution was stable.  
 
Figure 3- 3: Cooling curves at two locations in a cylindrical casting under applied 
pressure of 70 MPa. 
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It can also be found from Figure 3-2 that the pressure at the center top was lower than the 
rest of the top surface, this is due to the surface shape change caused by the delay of the 
filling. As described previously, after pouring, it took about 15s second to complete the 
filling, and during this time, solidification led contraction and shrinkage, and made the 
center level. Thus, the contact between the casting and the mold at top center should not 
be as close as other area. 
 
4.2 Pressure distribution change with time  
 
Figure 3-4 (a) & (b) show the pressure development curves at different locations of a 
cylindrical casting. As it can be seen that the cavity pressure built up quickly after the 
cavity filling completed and the external force applied. But, once it reached its peak, it 
began to decrease, after about 25 seconds, the curves became quite flat which means the 
pressure distribution was stable. 
The reason for such an evolution on the top surface might be explained as (a) increase of 
friction at the casting/mold interface, because the friction factor is decided by the shear 
yield stress of the material (Tresca law, 2.5 (ii) above), which increases when the 
temperature decreases; (b) the contraction of the casting due to temperature decrease.  
For the side surface, it should also be attributed to the increase of the metal strength with 
decrease of temperature, which means less distortion, therefore less force was transferred.  
It can also be seen that the change trend (decrease) on top surface was more significant 
than on the side, this was mainly due to the temperature difference between the top and the 
side, as shown in Figure 3-3, the top surface temperature was much higher than the side, 
and the bigger the temperature drops the more contraction.  
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Cooling curves in Figure 3-3 reveals that the casting finished solidification about 25 
seconds after completion of filling, this explained that the pressure curves became stable 
around the time. 
 
(a) 
  
(b) 
Figure 3- 4: Local Pressure change with time on (a) the top surface, (b) side surface of a 
cylindrical casting under applied pressure of 70 MPa. 
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4.3 Variation of Pressure Transfer Rate and Temperature 
 
Figure 3- 5: Initial local pressure transfer rates on the top and side surfaces of a 
cylindrical squeeze casting of magnesium alloy AM50A. 
 
Examination of Figure 3-4 manifests that, at the beginning of the external force application, 
the local pressures increased up to 95% of its peak value along the top surface in a much 
faster pace than that at the side surface of the casting despite that the local pressures along 
the top surface decrease considerably faster than those at the side surface after a certain 
period of time.  For the clarification of discussion, the increasing rate of the local pressures 
up to 95% of its peak value is defined as an initial local pressure transfer rate thereafter in 
the text. Figure 3-5 compares the initial pressure transfer rates on the top surface to those 
at the side.  The pressure transfer rate on the top surface varies from 19 to 30 MPa/s with 
an average of 23 MPa/s. But, at the side surface, the average pressure transfer rate is only 
around 12 MPa/s. This observation suggests that the pressure transfer in a direction 
perpendicular to the external force is faster than that in a parallel direction.   
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4.4 Pressure variation in different die cavity configurations  
 
Figure 3-6 shows three different cavity configurations; experiments have been carried out 
to see how cavity shape may affect the pressure distribution. In Figure 3-7, the testing 
results show that in cavity A2, the pressure response was the largest, and became smaller 
from A3 to A1, it was evident that the influence of cavity shape was significant. It was 
possibly a result of solidification rate, as the surface/volume ratio of the casting increased 
from A2, to A3 and to A1. Also it might have related to the transfer distance of the applied 
force, as it could directly affect the distortion.  
 
 
                (a)                                           (b)                                         (c) 
Figure 3- 6: Three different cavities, (a) A1, (b) A2, (c) A3. 
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Figure 3- 7: Pressure development at the mid-side surface in different cavities under an 
applied pressure of 35 MPa. 
 
5. CONCLUSIONS 
 
1. Experiments have been taken to obtain an understanding of the cavity pressure 
phenomena in squeeze casting of magnesium alloy. 
2. Measured casting surface temperatures show that while molten metal was pushed 
into cavity, instead of fully liquid, a solid shell was formed, 
3. The pressure measurements indicated that the distribution of cavity pressure was 
non-uniform, it varied with locations and changes with time, but when the 
solidification of the casting was finished, the pressure distribution becomes stable. 
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4.  The experimental data also revealed that cavity pressure was also strongly 
influenced by both cavity geometry and temperature. 
5. Through experiments, it is possible to find out the friction factor at the casting/mold 
interface, which was essential for further simulation work. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
52 
 
REFERENCES 
 
[1] Rolland, Y., Squeeze Casting: A Literature Review. (Report Review). Gov. Res. 
Announc. Index. PB94-124575/XAB, 1993, 58. 
[2] Franklin, J. R., Das, A. A., Squeeze Casting--a Review of the Status. British 
Foundryman, Apr.1984, (77), 150-158. 
[3] Rajagopal, S., Squeeze Casting: a Review and Update. J. Appl. Metalwork. Jan. 
1981, (1), 3-14 
[4] Matsubara, H., Nishida, Y., Suzuki, S., Measurement of Load Loss in Squeeze 
Casting. Rep. Gov. Ind. Res. Inst. Nagoya. July 1978, (3), 211-215.  
[5] Yasushi, I. W., Sugiyama, Y., Iwahori, H. and Awano, Y., Transferred pressure and 
shrinkage cavity of aluminum alloys on squeeze casting (Japanese). Casting 
Engineering, 2000, (72), 120-127. 
[6] Krishna, P., Pehlke, R.D., Theoretical and experimental of Indirect squeeze casting 
of A356 alloys. Light Metals, 2001, 377-390. 
[7] Venkatasamy, V.K., Analysis of in-cavity thermal and pressure characteristics in 
aluminum alloy die casting. Master Thesis, The Ohio State University, 1996. 
[8] Guthrie, B., and Whitbeck, R., Process optimization using in-cavity pressure 
transducers. NADCA Transaction, T99-073, Cleveland, 1999. 
[9] Tong, K.K., Steven, Hu, B.H., Niu, X.P.; Pinwill, I., Cavity pressure measurements 
and process monitoring for magnesium die casting of a thin-wall hand-phone 
component to improve quality.  Journal of Materials Processing Technology, Sep 
30, 2002, (127), 238-241. 
53 
 
[10] Hu, B., Yong, J., Mun, C. C., and Kreij, J., Development of precision forming 
technologies for Magnesium Components. SIMTech Technical Report 
(PT/01/024/PMF), Precision Metal Forming Group, Process Technology Division, 
2001.  
[11] Tanikawa, S., Asai, K., Yang, Y., Nomura, H., Kato, E., Effects of gate thickness 
on molten metal pressure transmission in high-pressure die cast cavity. Journal of 
Japan Foundry Engineering. Aug. 2003, (75), 525-531. 
[12] Kato, E., Nishiyama, N., Nomura, H., Asai, K., Tanikawa, S., Transferred pressure 
transfer relationship between mold filling flow of multi-piece aluminum die cast. 
Japan Foundry Engineering. 2002, (74), 370-376. 
[13] Xing, S.M., Ma, J., Chen, W.S., A rule for shrinkage prediction in squeeze casting 
process.  The Chinese Journal of Nonferrous Metals. 1998, (8), 205-209. 
[14] Dieter, G.E., Mechanical Metallurgy, McGraw-Hill, New York, 1986 
[15] Meyera, M.A., a Chawla, K.K., Mechanical Metallurgy, Prentice-Hall, Inc., 
Englewood Cliffs, NewJersey, 1984. 
[16] Ugural, A.C., Fenster, S.K., Advance strength and applied elasticity, Prentice Hall, 
New Jersey, 2003. 
 
 
 
 
 
 
54 
 
CHAPTER 4 
A STUDY OF SOLIDIFICATION AND 
MICROSTRUCTURE REFINING PHENOMENA OF 
SQUEEZE CAST MAGNESIUM ALLOY AJ62 WITH 
VARIATION IN APPLIED PRESSRUES 
 
1. INTRODUCTION 
 
In order that squeeze casting process may become more widely used, not only the 
mechanical properties of the castings be fully evaluated, but also it is desirable to have a 
better understanding of the solidification behaviours of molten metal under an applied 
pressure [1, 2]. Mechanical properties of the castings are significantly affected by the 
casting structure which are depend on the casting conditions. The applied pressure during 
freezing could be considered as one of the most important casting parameters which has 
the greatest effects on the casting structure [3-5]. During squeeze casting process, the 
applied pressure eliminates air gap at the metal/die interface during solidification of the 
molten metal, thus enhances the heat transfer from the metal to the die, and consequently 
increases solidification rate [6]. In practice, there exists difference between the actual 
solidified microstructure and predicted form phase diagrams. This is mainly due to the fact 
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that the solidification taking place in most casting processes is under non-equilibrium 
conditions induced by the application of various solidification rate and/or pressures. 
The effect of applied pressures on the melting point of an alloy system is given by the well-
known Claucius-Clapeyron equation as follows. 
𝑑𝑇
𝑑𝑃
=
𝑇𝑚∆𝑉
𝐻𝑓
                                                                4-1 
 
where 𝑃  is the applied pressure, 𝑇𝑚  is the melting temperature under atmosphere 
conditions, 𝐻𝑓  is the latent heat of fusion and ∆𝑉 is the volume change during freezing. 
During the solidification process, both ∆𝑉  and 𝐻𝑓  are normally negative due to the 
shrinkage of metals and heat release, respectively. Thus, 𝑑𝑇/𝑑𝑃  is positive, which 
indicates that the applied pressure increases the melting point of a metal having a volume 
decrease tendency during solidification. 
In the open literatures, many researches have been reported on squeeze casting of 
magnesium alloys. Yang et al. [7] optimized process parameters by investigating the effect 
of applied pressure, pouring temperature and die temperature on the microstructure of 
squeeze cast Mg-Nd alloy. Yong and Clegg [8] conducted a similar study and found that 
an applied pressure of 60 MPa was sufficient to eliminate all traces of shrinkage and gas 
porosity within the casting, the grain size reduced from 127 to 21um as the pressure 
increased from 0.1 to 60 MPa. Yue et al. [9] reported the influence of the grain size on 
mechanical properties of squeeze casting of magnesium alloy AZ91. Masoumi and Hu [10] 
reported the effect of applied pressure (3 to 90 MPa) on the tensile properties and 
microstructure of squeeze cast AX51 alloy. All of the above studies focused mainly on the 
relationship among process parameters and microstructure and properties. However, the 
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solidification behaviours of squeeze casting of magnesium alloys has not been 
systematically studied.  
In this study, thermal and pressure sensors were employed to evaluate the evolutions of 
temperature and pressure distributions in a cylindrical squeeze casting. Investigation on the 
non-equilibrium solidification phenomena and microstructure of magnesium alloy AJ62 
under various applied pressures has been carried out. 
 
2. EXPERIMENTAL PROCEDURES 
 
2.1 Material  
The material used in this study was commercially-available magnesium alloy AJ62, of 
which chemical composition and thermal-physical properties are shown in Table 4-1 and 
4-2. 
Table 4- 1: Chemical composition of magnesium alloy AJ62 (wt. %) 
Alloy Mg Al Mn Sr 
AJ62 balance 6.1 0.34 2.1 
 
Table 4- 2: Thermal-physical parameters of magnesium alloy AJ62 
Material Density 
Ρ 
(g/cm3) 
Specific heat 
Cp 
(kJ/kg K) 
Thermal  
Conductivity 
k 
(W/m K) 
Solidus 
Temperature 
Ts 
(oC) 
Liquidus 
Temperature 
Tl 
(oC) 
AJ62 1.80 1.15 77 515 612 
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2.2 Squeeze casting 
A 75-ton hydraulic press was used in the casting experiment. The metal was firstly melt in 
an electric resistance furnace with the protection of Sulfur Hexafluoride (SF6) 0.5% + CO2 
gas mixture. The holding temperature of the furnace was 800oC. Both of the upper and 
bottom dies were preheated by band heaters. The upper die had a preheating temperature 
of 250oC, and 300oC for the lower die. The liquid metal was poured into the lower mold at 
680oC. The liquid metal was squeeze casted in the upper die under a desired applied 
pressure and kept holding at that pressure for 25 seconds. Figure 4-1 shows a schematic 
drawing of the casting system. The casting was in round shape with diameter of 100 mm 
and a height of 80 mm. One Kistler pressure transducer was inserted into the cavity through 
the top wall of the die to measure the local cavity pressure. Meanwhile, local temperature 
in the casting was measured by Omega KTSS-116U thermocouple during solidification. 
As shown in Figure 4-2, the thermocouple was embedded in the casting center. Real time 
pressure and temperature data were recorded by a LabVIEW-based data acquisition system. 
 
Figure 4- 1: Schematic diagram showing the squeeze casting and data acquisition 
system. 
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Figure 4- 2: schematic diagram showing the locations of pressure and temperature 
sensors in a cylindrical casting. 
 
3. RESULTS AND DISCUSSION 
 
3.1 Effect of applied pressure on liquidus and solidus temperature  
 
Figure 4-3 shows a typical cooling curves measured in the center of the casting solidified 
under applied hydraulic pressures of 0, 30, 60 and 90 MPa. From the profiles of all the 
curves, the temperature decreased rapidly upon the molten metal was poured into the sleeve. 
Once the hydraulic pressure was applied, there was a significant increase in liquidus 
temperature. Then the temperature was kept almost constant for a certain period of time 
before starting to decrease to the solidus temperature. The increase in the liquidus and 
solidus temperature was in fully agreement with the Clausius-Clapeyron equation. As the 
applied pressure increased, the liquidus and solidus temperatures increased. Also, it can be 
seen from the temperature profile, the variation in applied pressures influences the holding 
duration of the liquidus temperature plateau. The measured liquidus temperature of 
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magnesium alloy AJ62 is 608.38, 609.67, 610.23 and 612.19oC for applied hydraulic 
pressures of 0, 30, 60 and 90 MPa, respectively. This observation indicates that the liquidus 
temperature of the alloy increased by 1.29, 1.85 and 3.81oC under the applied hydraulic 
pressure of 30, 60 and 90 MPa, respectively. The total solidification time for each casting 
was determined from the cooling curves as shown in Figures 4-3 & 4-4. The total 
solidification time was taken as the time required for the casting to go from its liquidus 
temperature to the end of the eutectic arrest at the solidus temperature. As for the case of 
the alloy solidified at atmospheric pressure where this solidus temperature was not clearly 
defined on the cooling curves, the completion of solidification was taken to be the moment 
when the temperature reached the theoretical solidus at 515oC. The results showed that 
when the pressures of 30, 60 and 90 MPa were applied to the casting, the total solidification 
time were reduced by 29.5, 30 and 33 seconds compared to that obtained under the 
atmospheric condition. 
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Figure 4- 3: Typical cooling curves of magnesium alloy AJ62 solidified under applied 
pressures of 0, 30, 60 and 90 MPa. 
 
Figure 4- 4: Enlarged cooling curves showing the changes in liquidus temperatures of 
magnesium alloy AJ62 under applied pressures of 0, 30, 60 and 90 MPa. 
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Figure 4- 5: Measured and calculated liquidus temperature of magnesium alloy AJ62 
with variation in applied pressures. 
 
Figure 4-5 shows the comparison of the measured and calculated liquidus temperature of 
magnesium alloy AJ62 with changing in applied pressures. The calculated liquidus 
temperature was obtained from the integration of Eq. 4-1, as shown below: 
𝑇𝑝 = 𝑇𝑚exp (
∆𝑉
𝐻𝑓
𝑃)                                                          4-2 
where 𝑇𝑝 is the solidification temperature under an applied pressure, 𝑇𝑚 is the equilibrium 
solidification temperature, ∆𝑉 is the volume change during solidification, 𝐻𝑓 is the latent 
heat of fusion.  𝑃  is the applied pressure. In comparison to the equilibrium liquidus 
temperature of the alloy, the calculated liquidus temperature increased by 1.67, 3.34, and 
5.02oC for the applied pressure of 30, 60 and 90 MPa, respectively. The deviation between 
the measured and calculated results might be attributed to the fact that the hydraulic applied 
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pressures values used in the calculations since it is almost impossible to place the pressure 
sensor at the same location with the thermocouple which is at the center of the molten metal 
to measure the local pressures. 
 
3.2 Pressure loss during solidification 
 
Figure 4- 6: Measured local pressure curves during the solidification of magnesium alloy 
AJ62 under applied hydraulic pressure of 30, 60 and 90 MPa. 
 
Figure 4-6 shows the actual local pressures measured during the solidification of the alloy. 
The peak values of the local pressures are 13.33, 37.54 and 61.33 MPa. In comparison with 
the applied hydraulic pressures of 30, 60 and 90 MPa, it shows a significant pressure loss 
during the application of external pressures as the alloy solidifies. Mathematical, the 
pressure loss can be calculated by the following equation: 
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𝑃𝑙(%) = (
𝑃−𝑃𝑖
𝑃
) × 100                                                           4-3 
  
where 𝑃𝑙  is the pressure loss, 𝑃  the hydraulic pressure, and 𝑃𝑖  is the peak value of 
experimentally measured instantaneous local pressure. As the hydraulic applied pressure 
increased from 30 to 90 MPa, the pressure loss during solidification were 55.6, 37.42 and 
31.85 %, respectively. The pressure loss increased as the applied hydraulic pressure 
decreased. The phenomena of pressure loss might be due to the alloy densification and 
deformation induced by the applied pressure. This implies that, instead of using the local 
pressure, the direct employment of the applied pressure to calculate liquidus temperature 
led to the deviation between the calculated results and experimental measurements as 
shown in Figure 4-5. 
 
3.3 Effect of applied pressure on microstructure  
 
 
(a) 
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(b) 
 
(c) 
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(d) 
Figure 4- 7: Optical micrographs showing the grain size of the magnesium alloy AJ62 
under applied hydraulic pressure of (a) 0 (b) 30 (c) 60 and (d) 90 MPa, the samples were 
heat treated (T4) and etched by 5% Nitric acid (HNO3). 
 
Figure 4-7 shows the grain structures of the squeeze casting magnesium alloy AJ62 under 
applied pressures of 0, 30, 60 and 90 MPa. As the pressure increased form the atmospheric 
pressure to 30, 60 and 90 MPa, the average grain size reduced by 21, 29 and 36 µm, 
respectively, compared to 64 µm at the atmospheric condition. The measured values of 
grain size were shown in Figure 4-8. This is because the applied high pressure increases 
the melting point of the alloy which was shown in Figure 4-3, and the molten metal was 
squeezed in close contact with the die surface to avoid the metal pulling out from the die 
surface at longer pressure duration (25 seconds) which kept the metal close to die cavity 
until the completion of solidification taking place. Consequently, the finer grain was 
obtained. 
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Figure 4- 8:  Grain size measurements of the magnesium alloy AJ62 under applied 
pressure of 0, 30, 60 and 90 MPa. 
 
4. CONCLUSIONS 
 
It is evident from the experimental study that the solidification behaviour and 
microstructure of the magnesium alloy AJ62 depend on the external pressures during the 
solidification process. The following observations conclusions can be drawn from the 
current work, 
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total solidification time were reduced by 29.5, 30 and 33 seconds compared to that 
obtained under the atmospheric condition. 
 
2. By applying the Clausius-Clapeyron equation, the direct employment of the 
hydraulic pressure led to a reasonable overestimation in calculating the liuidus 
temperatures of the alloy. 
 
3. The pressure loss increased as the applied hydraulic pressure decreased. As the 
hydraulic applied pressure increased from 30 to 90 MPa, the pressure loss during 
solidification were 55.6, 37.42 and 31.85 %, respectively. This phenomenon of 
pressure loss might be due to the alloy densification and deformation induced by 
the applied pressure. 
 
4. The calculated liquidus temperatures increased as the applied pressure increased. 
The deviation between the measured and calculated results might be attributed to 
the local pressure loss since it is almost impossible to place the pressure sensor at 
the same location with the thermocouple at the center of the molten metal to 
measure the local pressures. 
 
5. As the applied pressure increased, the grain structure was refined. As the pressure 
increased form the atmospheric pressure to 30, 60 and 90 MPa, the average grain 
size reduced by 21, 29 and 36 µm, respectively, in comparison to 64 µm at the 
atmospheric condition. 
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CHAPTER 5 
DETERMINATION OF HEAT TRANSFER 
COEFFICIENTS BY ENERGY BALANCE METHOD 
IN SQUEEZE CASTING OF MAGNESIUM ALLOY 
AJ62 WITH VARIATION IN WALL THICKNESSES 
 
1. INTRODUCTION 
 
Magnesium alloys have been widely used in today’s automotive and aerospace industry 
due to its light weight characteristic. Magnesium is one-third lighter than aluminum and 
three-quarters lighter than zinc and four-fifths lighter than steel.  Squeeze casting with the 
advantage of pressurized solidification, close dimensional tolerance and good surface 
finish has been widely used for complex shape casting. During the solidification process, 
the applied pressure feeds the liquid metal into the air or shrinkage porosities effectively. 
It makes castings free of porosity with excellent as-cast quality [1-3]. 
In today’s foundry, numerical simulation improved the productivity significantly. 
However, one of the most important parameter, the interfacial heat transfer coefficients 
(IHTCs) at the metal-mold interface is usually roughly set in the available finite element 
method (FEM) or finite difference method (FDM)-based commercial codes [3-5]. To 
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ensure to accurately determine the solidification path, microstructure development and 
shrinkage porosity formation etc., it is necessary to have a precise prediction of boundary 
conditions. In the real-life casting process, the imperfection of the contact between the 
mold and liquid metal due to the air gap caused by the application of coating on die surface 
may decrease the heat transfer between metal and die as well as cooling rate of the casting 
surface. This thermal barrier could degrade casting quality and properties significantly. 
Therefore, an accurate prediction of IHTC is critical to simulate the solidification process   
Many research works have been done to determine the interfacial heat transfer coefficient 
under different casting conditions. However, most of the attentions have been placed on 
permanent mold casting or high pressure die casting processes [6-9]. There is very limited 
knowledge about estimation of IHTC during squeeze casting. 
In this work, squeeze casting experiments for fabricating a 5-step casting of magnesium 
alloy AJ62 were conducted. The metal/die interfacial heat transfer coefficient was 
determined based on the temperature gradient obtained at different locations inside of the 
die by using the energy balance method. 
 
2. EXPERIMENTAL PROCEDURE 
 
2.1 Experimental setup and sensor installation 
 
Figure 5-1 graphically shows the installation of temperature sensor units (TSUs) and a data 
acquisition system. There were four thermocouples installed at each step. Three 
thermocouples were used to measure temperatures in the die, and one thermocouple for the 
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measurement of the casting surface temperature. All the thermocouples were connected to 
a data acquisition system to record the temperature history. Figure 5-2 shows the 
configuration of the 5-step die and the temperature sensor units. The dimensions for the 
five steps were 100x30x2, 100x30x4, 100x30x8, 100x30x12 and 100x30x20 mm, 
accordingly. Thermocouples A, B and C were inserted into the die at 2, 4 and 6 mm away 
from the inside die surface. Thermocouple D was inserted all the way through the die to 
the casting surface. The thermocouples used for all experiments were K-type thermocouple 
with 0.5 mm diameter and grounded sheathed for fast response time. 
 
Figure 5- 1: Graphical illustrations showing a 5-step die connecting to temperature 
sensor units (TSUs) and a data acquisition system. 
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(a) 
 
(b) 
Figure 5- 2: Configuration of (a) a 5-step casting solid model and (b) a temperature 
sensor unit. 
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3.2 Casting Process 
 
A 75-ton hydraulic press and magnesium alloy AJ62 were used in the experiment; the 
thermo-physical parameters for the alloy are summarized in Table 5-1. The metal was 
firstly melt in an electric resistance furnace with the protection of SF6 gas. The holding 
temperature of the furnace was 800oC. As shown in Figure 5-3(b), the two half upper dies 
opened along the central parting line. The lower die had a diameter of 100 mm and a height 
of 200 mm. Both of the upper and lower dies were preheated by cartridge heaters. The 
upper die was preheated to 250oC and the lower die at 300oC. Liquid metal at 720oC was 
poured into the lower die. At last, the liquid metal was squeeze casted under an applied 
pressure of 60 MPa and kept holding under the applied pressure for 25 seconds.    
 
(a) 
75 
 
 
                                                                  (b)                                  
Figure 5- 3: (a)a 75 tons hydraulic press and (b) schematic diagram of the squeeze 
casting machine, 1) upper die, 2) lower die and 3) piston. 
 
Table 5- 1: Thermophysical properties of magnesium alloy AJ62 
Material Density 
(g/cm3) 
Specific 
heat 
(J/g K) 
Thermo-
conductivity 
(W/m K) 
Solidus 
 temperature 
(oC) 
Liquidus 
temperature 
(oC) 
AJ62 1.80 1.15 77 515 612 
Hydraulic press 
1 
2 
3 
76 
 
3.3 Determination of IHTC 
 
The energy balance technique was employed to determine the interfacial heat transfer 
coefficient, in which attempts were made to monitor temperatures at the inner and outer 
surfaces of the interface. With the known short distance between temperature measuring 
surfaces, the temperature gradient adjacent to the die surface inside the die could be 
determined. Since the thickness was much smaller than the width at each step, the heat 
transfer coefficient could be solved as one-dimensional heat conduction problem. The 
governing equation for one-dimensional heat conduction in the die can be expressed as: 
 
      












x
txT
Tk
xt
txT
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),(
)(
),(
)(                                                 5-1 
 
where k, c, and  are the heat conductivity, specific heat and density of the die, respectively. 
The boundary condition at the metal/die interface was    
 
 𝑞 = ℎ(𝑇𝑐 − 𝑇𝑑)                                                                 5-2 
 
where q and h were the heat flux and heat transfer coefficient at the metal/die interface and 
Tc was the casting temperature, and Td was the die temperature. 
With the experimental setup for determining the IHTC as described in the above 
configurations, the IHTC was estimated by performing an approximate energy balance 
based on the above equations, Eqs. 5-1 and 5-2. 
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ℎ(𝑇𝑐 − 𝑇𝑑) = 𝑘𝑑 (
𝑇𝑑−𝑇𝑑1
∆𝑥1
) +
∆𝑇𝑑01∆𝑥1𝐶𝑝𝑑𝜌𝑑
∆𝑡
                                          5-3 
 
𝑘𝑑 (
𝑇𝑑−𝑇𝑑1
∆𝑥1
) = 𝑘𝑑 (
𝑇𝑑1−𝑇𝑑2
∆𝑥2
) +
∆𝑇𝑑12∆𝑥2𝐶𝑝𝑑𝜌𝑑
∆𝑡
                                         5-4 
 
where Td1 and Td2 were the local die temperature at location 1 and 2 respectively as shown 
in Figure 5-4, t was the time interval step of testing, td01 and td12 were the die 
temperature change for a time interval, and x1 and x2 were the distances between 
locations. 
 
 
 
Figure 5- 4: Schematic drawing showing the temperature distribution at the metal/die 
interface. 
 
4. RESULTS AND DISCUSSION 
 
4.1 Experimental cooling curve 
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Figure 5-5 shows typical temperature versus time curves at the interface between the 
solidifying magnesium alloy AJ62 and steel die of step 5 with an applied hydraulic pressure 
of 60 MPa. The locations of the thermocouples were described in Figure 5-2, which 
included Tc (casting temperature) and Td1 and Td2 (die temperature). The following analysis 
of step 5 was based on this typical data with an applied pressure of 60 MPa. Since molten 
metal filled the cavity from the bottom of the lower die, the pre-solidification occurred 
upon the completion of cavity filling. No die temperatures exceeded 470oC, and the highest 
temperature of the casting surface was 632oC. To ease the result presentation and 
discussion, time zero was intentionally set at the instant when the cavity filling was 
completed and the applied pressure set in. 
 
Figure 5- 5: Typical temperature versus time curves (Step 5, 60 MPa) at the metal 
surface and various positions inside the die (2 and 4 mm). 
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It can be seen from Figure 5-5 that the temperature curve at the casting surface (Tc) instantly 
increased to 632oC for an applied pressure of 60 MPa, due to the direct contact between 
thermocouple and the side layer of the casting. Then the casting surface temperature (Tc) 
kept almost unchanged for about three seconds. Meanwhile, the die temperature (Td1 and 
Td2) increased by 60oC and 40oC respectively. After that, the casting surface temperature 
dropped rapidly. But, the die temperature still remained increasing for about another 7 
seconds before it started to decrease. The temperature results of the casting surface showed 
that, at the beginning of the pressurized solidification, it took about three seconds for the 
applied pressure to force the casting surface in full and firm contact with the die. 
 
4.2 Heat flux (q) and IHTC (h) curves 
 
Figure 5-6 shows the change of interfacial heat flux (q) and heat transfer coefficient (IHTC) 
with the solidification time of step 5 with an applied hydraulic pressure of 60 MPa. The 
curves were estimated by the energy balance method based on the temperature gradient in 
Figure 5-5. At step 5 of the casting, the peak heat flux value was 6.02E+5 W/m2, and the 
peak value of IHTC was 9,048 W/m2 K. From the profile of the curves, it can be observed 
that the heat flux (q) reached its peak value abruptly within 4.6 seconds and decreased 
rapidly to a lower level (2.0E+04 W/m2) after 16 seconds. This significant increase in the 
heat flux should be attributed to the thermal contact at the metal/die interface and the large 
temperature difference at the beginning. The gradual decrease in heat flux was considered 
to be caused by a reduction in the thermal gradient.  
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The heat transfer coefficient (h) reached to its peak value (9,066 W/m2 K) gradually at 11 
seconds, and then decreased slowly to the lower level (2,164 W/m2 K) after 40 seconds. 
This increase in the IHTC should result from the establishment firm thermal contact at the 
metal/die interface. The gradual loss of the good contact between the casting and the die 
gave rise to a slow drop of heat transfer coefficients for the rest of the process after the 
applied pressure was released.  
 
Figure 5- 6: Interfacial heat flux (q) and heat transfer coefficient (IHTC) curves for step 
5 with an applied pressure of 60 MPa. 
 
Figure 5-7 shows the heat flux (q) versus the solidification time of steps 1 to 5 with an 
applied pressure of 60 MPa. For these five steps, the peak heat flux values were 1.5E+05 
W/m2, 1.9E+05 W/m2, 2.7E+05 W/m2, 4.0E+05 W/m2, and 6.0E+05 W/m2, respectively. 
The curves of steps 1 to 4 exhibited similar profiles to step 5 which was described above. 
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They were all increased abruptly at the beginning as the liquid metal filled into the cavity 
and then dropped rapidly to their lower level.  
 
Figure 5- 7: Heat flux (q) curves for steps 1 to 5 estimated by the energy balance 
method. 
 
Figure 5- 8: Heat transfer coefficient (IHTC) curves for step 1 to step 5 estimated by the 
energy balance method for magnesium alloy AJ62 under an applied pressure of 60 MPa. 
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Figure 5-8 show the heat transfer coefficient (IHTC) curves of steps 1 to 5. For step 1, the 
IHTC began increasing and reached its peak value of 1,398 W/m2 K at 7.53seconds, then 
decreased slowly to the level 200 W/m2 K at 35 seconds.  For step 2, the IHTC had a 
relatively low peak value of 1,876 W/m2 K at 6.3 seconds, and then decreased slowly to 
the level 921 W/m2 K at 40 seconds. However, for step 3, the IHTC increased rapidly at 
the beginning, and reached its peak value of 4,040 W/m2 K at 5.5 seconds, and decreased 
slowly to the level 1,624 W/m2K at 40 seconds. The IHTC of step 4 rose sharply to its peak 
value of 6,383 W/m2 K at 10.7 seconds, and then dropped quickly to the level 1,418 W/m2 
K at 40 seconds. The IHTC value for step 5 increased not as quickly as that of step 4 at the 
beginning. But, it reached the highest peak value of 9,066 W/m2 K at 11 seconds among 
all five steps, and then decreased slowly to the level 2,164 W/m2 K at 40 seconds. 
 
5. CONCLUSIONS 
 
In this work, the heat flux and IHTC at metal/die interface in squeeze casting were 
determined based on an energy balance method.  The peak heat flux values for steps 1 to 5 
were 1.5E+05 W/m2, 1.9E+05 W/m2, 2.7E+05 W/m2, 4.0E+05 W/m2, and 6.0E+05 W/m2, 
respectively. For all steps, the IHTC values increased sharply at the beginning right after 
the liquid metal was pushed into the die cavity, and then dropped gradually after their peaks 
reached.  The thickness of the step casting had a great influence on the IHTC values. The 
IHTC values increased as the section thickness increased. For the five steps from one to 
five, the peak IHTC were 1,398 W/m2 K, 1,876 W/m2 K, 4,040 W/m2 K, 6,383 W/m2 K, 
and 9,066 W/m2 K, respectively. Also, the trend of changes of the IHTC was different as 
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the section thickness varies. The profile of the IHTC curve became wider as the casting 
section thickness increased. 
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CHAPTER 6 
INTERFACIAL HEAT TRANSFER OF SQUEEZE 
CASTING OF WROUGHT ALUMINUM ALLOY 5083 
WITH VARIATION IN WALL THICKNESSES 
 
1. INTRODUCTION 
 
Aluminum alloys are increasing used in today’s automotive industry due to their low 
density, high strength-to-weight ratios, excellent formability and good corrosion resistance 
[1]. The expensive and low-productivity fabrication processes such as rolling, forging and 
machining are often involved to achieve the good mechanical properties for components 
with complex shapes. Wrought aluminum alloy 5083 is one of the highest strength non-
heat treatable aluminum alloys, with excellent corrosion resistance, good weldability. This 
alloy can be found in applications of ship building, automobile and aircraft structures, tank 
containers, unfired welded pressure vessels, cryogenic applications, transmission towers, 
drilling rigs, transportation equipment, missile components and armour plates [2].   
Casting processes have the advantages of low-cost and high productivity. However, 
wrought aluminum alloys are difficult to shape using conventional casting processes due 
to their limited castability, for example, their long freezing range, poor fluidity, high risk 
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of forming defects and high tendency for hot tearing, etc. [3].  Squeeze casting, also called 
liquid metal forging, extrusion casting, squeeze forming and pressure crystallization, as 
one of the best promising techniques has been emerging, and extensively studied in the 
past decade.  This is because the fluidity is not a critical process parameter in squeeze 
casting, and liquid molten metal is solidified in the die cavity under applied pressures to 
reduce and minimize defects associated with shrinkage cavities and porosity formation in 
squeeze casting [4, 5]. 
In the open literature, most works on squeeze cast of wrought aluminum alloys focused 
only on their mechanical properties and microstructure development. There is limited work 
on the determination of the interfacial heat transfer coefficient (IHTC) at the metal/die 
interface during squeeze casting of wrought aluminum alloys.  The previous study [6] 
indicated the contact interface between a casting aluminum alloy A356 and a carbon steel 
die coated with graphite had a great influence on cooling rates and solidification times. 
There is a considerable thermal resistance that exist between the castings and die due to 
the presence of air gap at the interface. The IHTC variation with time after pouring plays a 
notable role in controlling the solidification behaviours [6, 7]. In recent years, techniques 
such as computer-aided design and engineering have been rapidly developed. They are 
widely applied in the modeling and simulation of mold filling and alloy solidification 
during various casting processes. The numerical simulation enables the optimization of the 
casting processes and consequently saves enormous costs. However, these computers 
based techniques can only be beneficial when boundary conditions and material properties 
are well defined.  The IHTC is believed to be one of the most important parameters during 
the computer simulation of the solidification process. Also, in the die casting practice, 
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difference in wall thickness of the casting significantly varies the local heat transfer 
coefficients [8]. It is critical to evaluate the effect of casting wall thickness, pressure levels 
and process parameters on the IHTC.  
In this work, a special five-step casting was designed for numerical determination of 
casting thickness-dependant IHTCs, in which cross-section thicknesses of 2, 4, 8, 12 and 
20 mm were included. Based on the temperature measurements of the casting at each step 
and the temperature at difference distance underneath the die surface (2, 4 and 6 mm) of 
each step, the inverse method of heat conduction was applied in determining of heat flux 
and heat transfer coefficient at the metal/die interface. The variation of the unknown 
boundary condition with time was assumed. This boundary condition was then applied with 
unknown coefficients, and the interior temperature field was determined in the domain by 
the finite-differences method (FDM). An objective function based on the measured and 
calculated temperature values at various internal points was then determined. It was 
minimized by correcting the values chosen for coefficients used in the boundary conditions. 
This was carried out iteratively until a stationary value of the objective function was 
obtained. Therefore, the measurement errors could be minimized by this numerical 
procedure. 
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2. EXPERIMENTAL PROCEDURE 
 
2.1 Material and squeeze casting  
 
2.1.1Material  
Table 6- 1: Chemical composition of wrought aluminum alloy 5083 (wt. %) 
Mg Mn Fe Si Cr Cu Zn Ti 
4.5 0.7 0.4 0.4 0.25 0.1 0.25 0.15 
 
Table 6- 2: Thermal-physical parameters of wrought aluminum alloy 5083 
Material ρ 
(g/cm3) 
Cp 
(J/g K) 
k 
(W/m K) 
Ts 
(oC) 
Tl 
(oC) 
Al 7075 2.66 0.9 117 591 638 
 
The material used in this study was commercially-available wrought aluminum alloy 5083, 
of which chemical composition and thermal-physical properties are shown in Tables 6-1 
and 6-2. 
2.1.2 Squeeze casting 
 
A 75-ton- hydraulic press was used in the casting experiment. The metal was firstly melt 
in an electric resistance furnace with the protection of nitrogen gas. The holding 
temperature of the furnace was 800oC. As shown in Fig. 6-1, the upper die opened along 
the center, which could form a five-step casting consisting of five steps with the dimensions 
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of 100 × 30 × 2 mm (step 1), 100 × 30 × 4 mm (step 2), 100 × 30 × 8 mm (step 3), 100 × 
30 × 12 mm (step 4), 100 × 30 × 20 mm (step 5), accordingly (Fig. 6-2). On top of step 
one, one extra step was designed as an overflow to entrap impurities in the upfront stream 
of the liquid melt during cavity filling. The vent was located on the top of the overflow, 
which could discharge the air inside the die. The lower die has a diameter of 100 mm and 
a height of 200 mm. Both of the upper and bottom dies were preheated by cartridge heaters. 
The upper die had a preheating temperature of 250oC, and 300oC for the lower die. Then, 
the liquid metal was poured into the lower mold at 680oC. At last, the liquid metal was 
squeeze casted in the upper die under a desired applied pressure and kept holding at that 
pressure for 25 seconds.  
 
2.2 Experimental measurements of temperatures and pressures 
 
The K-type thermocouples with 1.5 mm in diameter were used to determine the solidifying 
temperatures of the cast molten metal and heating temperatures of the P20 steel die at the 
various positions, as shown in Fig. 6-1. On the left side of the die, there were five pressure 
transducers (P SU) which were used to collect the pressure data for the five steps with 
section thicknesses of 2, 4, 8, 12, and 20 mm. There were four thermocouples located at 
each step. In total, twenty thermocouples were employed to collect the temperature data of 
all the five steps. At each step, one thermocouple (D) was inserted all the way through the 
die which was used to measure the casting temperature. The rest of three thermocouples 
(A, B and C) were 2, 4 and 6 mm away from the inside die surface to measure the die 
temperatures, as shown in Fig. 6-3.  Real-time in-cavity local pressures and temperature 
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reading were recorded by a LabVIEW- based data acquisition system at regular intervals 
of 500 ms through the entire measurement period. 
 
Figure 6- 1: Graphical installations of temperature sensor units (TSUs), pressure sensor 
units (PSUs) and data acquisition system. 
 
                                 (a)                  (b)                      (c)                     (d) 
Figure 6- 2: (a) 3-D model showing the front view, (b) side view and (c) isometric view 
of the 5-step casting. (d) 5-step casting solidifying under applied pressure of 60 MPa. 
Step 1 
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Step 3 
Step 4 
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Overflow Step 1 
Step 2 
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Figure 6- 3: Configuration of installation of the K-type thermocouples, the unit is in 
millimeters. 
 
2.3 Inverse algorithm for the IHTC 
 
The heat transfer inside the die at each step is transient conduction through on-dimensional 
step, which can be described by Eq. 6-1. 
𝜌 𝑐(𝑇)
𝜕𝑇(𝑥,𝑡)
𝜕𝑡
=
𝜕
𝜕𝑥
(𝑘(𝑇)
𝜕𝑇(𝑥,𝑡)
𝜕𝑥′
)                                                      6-1 
 
where 𝜌 is the density of the conducting die, 𝑇 is the temperature, 𝑡 is the time, and 𝑥 is 
the distance from the die surface to the sensor node, and 𝑐(𝑇), 𝑘(𝑇) are specific heat 
capacity and thermal conductivity of the die changed with temperature, respectively. 
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For the surface sensor node of the die, Eq. 6-1 can be rearranged as Eq. 6-2a: 
 
(1 + 2𝐹0)𝑇0
𝑝+1 − 2𝐹0𝑇1
𝑝+1 = 2𝐹0
∆𝑥
𝑘
𝑞0 + 𝑇0
𝑝
                                   6-2a 
 
For any interior sensor node of the die, Eq. 6-1 can be solved as Eq. 6-2b: 
 
(1 + 2𝐹0)𝑇𝑛
𝑝+1 − (𝐹0𝑇𝑛−1
𝑝+1 + 𝑇𝑛+1
𝑝+1) = 𝑇𝑛
𝑝
                                          6-2b 
 
𝐹0 =
𝛼∆𝑡
(∆𝑥)2
=
𝑘
𝑐𝜌
∆𝑡
(∆𝑥)2
                                                                 6-2c 
where 𝐹0 is the Fourier number,  𝛼 is the thermal diffusivity,  𝑐 is the heat capacity of the 
conducting die, 𝑝 is the time step and 𝑛  is the grid point.  
As illustrated in Figure 6-4, the heat flux at the metal/die interface 𝑞0 at each time step was 
determined at the following procedure: (1) at the first time step, a suitable initial value of 
heat flux 𝑞0 was assumed, which was maintained constant for a definite integer number 
(𝑢 = 2 𝑡𝑜 5) of the subsequent future time steps; (2) according to Eqs. 6-2a and b, with the 
measured initial die temperature (𝑝 = 0), the temperature distribution at each node of the 
next time step was calculated with this assumed 𝑞0; (3) the assumed heat flux value is 
changed by a small value (𝜀𝑞0); (4) the new temperature distribution value corresponding 
to (𝑞0 + 𝜀𝑞0) was determined accordingly; and (5) the sensitivity coefficient ( ∅) was 
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calculated by Eq. 6-3, which was the partial derivative in Eq. 6-4, the Taylor's series 
approximation. 
∅𝑝+𝑗−1 =
𝜕𝑇
𝜕𝑞
=
𝑇𝑝+𝑗−1(𝑞𝑛+1
𝑝+𝑗−1
(1+𝜀))−𝑇𝑝+𝑗−1(𝑞𝑛+1
𝑝+𝑗−1
)
𝜀𝑞𝑛+1
𝑝+𝑗−1                                6-3 
where 𝑗 is the future time, the numerator was the difference in temperature calculated using 
a finite difference scheme at the monitored node at the same time step for temperature (∆𝑡), 
usint the boundary condition 𝑞 and 𝑞 + 𝜀. the denominator was the difference in the 𝑞 
values, 𝜀 = 0.0001 was used in this work. 
𝑇𝑛+𝑖
𝑝+𝑗 ≈ 𝑇𝑛+𝑖
𝑝+𝑗−1 +
𝜕𝑇
𝑛+𝑖
𝑝+𝑗−1
𝜕𝑞𝑛+1
𝑝+𝑗 (𝑞𝑛+1
𝑝+𝑗 − 𝑞𝑛+1
𝑝+𝑗−1)                                 6-4 
Eq. 6-5 was obtained by minimizing Eq. 6-2 with respect to 𝑞  by setting the partial 
derivative to zero. 
 
𝜕𝐹(𝑞)
𝜕𝑞
=
𝜕
𝜕𝑞
(∑ (𝑇𝑛+𝑖 − 𝑌𝑛+𝑖)
2𝐼=𝑚𝑟
𝑖=1 ) = 0                                         6-5 
  
Substituting Eqs. 6-3 and 6-4 in Eq. 6-5, the following equation was obtained 
 
𝜕
𝜕𝑞
( ∑ (
𝐼=𝑚𝑟
𝑖=1
𝑇𝑛+1
𝑝+𝑗−1 + ∅𝑖
𝑝+𝑗−1(𝑞𝑀+1
𝑝+𝑗 − 𝑞𝑀+1
𝑝+𝑗−1) − 𝑌𝑛+𝑖)
2) = 0 
which gave 
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∑ ∅𝑖
𝑝+𝑗−1(𝐼=𝑚𝑟𝑖+1 𝑇𝑛+1
𝑝+𝑗−1 − 𝑌𝑛+𝑖 + ∅𝑖
𝑝+𝑗−1(∇𝑞𝑛+1
𝑝+𝑗 )) = 0                  6-6 
 
Rearranging Eq. 6-6, the correction term for the heat flux was calculated, given by Eq. 6-
8. 
∇𝑞𝑀+1
𝑝
=
∑ (𝑌𝑛+𝑖−𝑇𝑛+1
𝑝+𝑗−1
)∅
𝑖
𝑝+𝑗−1𝐼
𝑖=1
∑ (∅
𝑖
𝑝+𝑗−1
)2𝐼=𝑚𝑟𝑖+1
                                                     6-7 
 
𝑞𝑐𝑜𝑟𝑟
𝑝 = 𝑞𝑛+1
𝑝 + ∆𝑞𝑛+1
𝑝
                                                          6-8  
The corrected heat flux and the new temperature distribution were used as the initial value 
for next cycle of calculation. The calculation process was repeated until the following 
condition was satisfied. 
∆𝑞𝑛+1
𝑝
𝑞𝑛+1
𝑝 ≤ 𝜀                                                                            6-9 
Thus, for all time steps, the surface heat flux and die surface temperature were determined 
according to the above procedures. After the heat flux was computed, the heat transfer 
coefficient ℎ was determined by the following equation, Eq. 6-10. 
ℎ =
𝑞
𝐴(𝑇𝑐−𝑇𝑑 )
                                                                          6-10 
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Figure 6- 4: Flow chart of the inverse algorithm for IHTC estimation at the metal die 
interface. 
 
 
3. RESULTS AND DISCUSSIONS 
 
Fig. 6-5 shows the temperature and local pressure measurement of step 5 with section 
thickness of 20 mm under an applied pressure of 60 MPa. It is noticed that the local pressure 
rose to its peak stage, 37.32 MPa, 2 seconds after the hydraulic pressure applied. After the 
pressure peak, the portion of the pressure profile was so-called the “shell establishment 
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stage”.  The reason for pressure decreased from the peak was the strengthening of the 
solidified shell of the casting. This shell caused the metal/die interface to move apart. In 
other words, as the temperature started to decrease, the solid fraction increased and 
solidified shell strengthened, and the pressure finally could not overcome the resistance 
and then dropped linearly from the 2.4th second.  Then, the pressure dropped to a negative 
value at the 10th second after sensing a positive pressure signal. This issue was confirmed 
by Kistler® that it caused by the ADA converter of the data acquisition system. The die 
surface temperature was estimated based on the temperature measured at different depth 
(2, 4 and 6 mm) inside of the steel die as shown in Fig. 6-6. Due to the design of the upper 
and lower die, pre-solidification occurred upon the completion of cavity filling. The highest 
temperature measured at casting surface was 625.9oC below the pouring temperature. The 
heat flux and IHTC values was calculated using the inverse method according to the 
estimated die surface temperature and casting surface temperature. For the thickest section 
(step 5, 20 mm), the peak value of heat flux was 9.84E+05 W/m2, and the IHTC peak value 
was 8933 W/m2K.  
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Figure 6- 5: Measured temperature and local pressure versus time curves for step 5 (20 
mm) under applied pressure of 60 MPa. 
 
Figure 6- 6: Temperature, interfacial heat transfer coefficient (IHTC) and heat flux 
versus time curves for step 5 (20 mm) under applied pressure of 60 MPa. 
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Figure 6- 7: Variation of interfacial heat transfer coefficient (IHTC) and local pressure 
(LP) peak values with different cross section thicknesses of the five step casting. 
 
Fig. 6-7 shows the peak IHTC values and local pressure peak values with variation in cross 
section thicknesses of the 5-step casting. The in-cavity local pressures at the metal/die 
interface of each steps were measured using the Kistler pressure transducers. It can be 
observed that the local pressure at each steps (2 to 20 mm) were 4.25, 6.44, 14.06, 22.01 
and 37.32 MPa. The pressure difference between the measured local pressure and the 
hydraulic applied pressure 60 MPa was a pressure loss.  
𝑃𝑙𝑜𝑠𝑠 =
𝑃 − 𝑃𝑙𝑜𝑐𝑎𝑙
𝑃
× 100% 
The pressure loss increased significantly as the section thickness decreased. As the liquid 
metal filled the cavity from the bottom (Step 5) to the top (Step 1), the pressure loss at the 
metal/die interface were 37.8%, 63.3%, 76.6%, 89.3% and 92.9%, respectively. The large 
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percentage of the pressure loss at thinner steps might due to the fast solidification rate of 
the casting and the solidified metal formed a solid barrier at the metal/die interface which 
blocked the pressure transfer path at the interface. 
Fig. 6-8 shows the IHTC curves of all five steps which were estimated by the inverse 
method. From the profile of the five curves, the IHTCs started with a relatively rapid 
increasing stage. After their peaks were reached, the IHTCs decreased gradually until they 
were reached to their lower level (a relatively constant stage). From step 1 to 5, the peak 
IHTC values varied form 5212, 5578, 6516, 7668 to 8933 W/m2 K. It indicated that a firmer 
contact was formed at the metal/die interface as the section thickness became thicker and 
the section thickness significantly influenced the values of IHTC. To obtain the relationship 
between casting wall thickness and IHTCs, the values of IHTC in the 10th second have 
been selected. As shown in Fig. 6-9 the empirical equation, relating IHTC to the wall 
thickness is: 
ℎ = 1977.7 ln(𝑥) + 2587.1 
 
where ℎ is the interfacial heat transfer coefficient and 𝑥 is the wall thickness of each steps. 
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Figure 6- 8: Interfacial heat transfer coefficient (IHTC) versus time curves for all five 
steps (2, 4, 8, 10 and 20 mm) under applied pressure of 60 MPa. 
 
Figure 6- 9: Interfacial heat transfer coefficient curve versus section thickness in 10 
second. 
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4. CONCLUSIONS 
 
A 5-step casting with the various cross-section thicknesses was successfully fabricated 
under an applied hydraulic pressure of 60 MPa. The heat flux and IHTC were successfully 
determined based on the finite difference-based inverse method. Based on the experimental 
measurements and calculated results, the following conclusions were drawn. 
1) The peak IHTC values varied from 5212, 5578, 6516, 7668 to 8933 W/m2 K for the 
casting with section thicknesses of 2, 4, 8, 10 and 20 mm, respectively, under an 
applied pressure of 60 MPa. The increases in IHTC indicated that the solid contact 
could be reached at the metal/die interface for the thicker steps, since the thicker step 
required longer time to reach the peak values due to the additional time needed for the 
pressure transfer. 
2) The pressure loss was significantly influenced by the wall thicknesses. As the section 
became thinner, the pressure loss rose significantly which was due to the pressure-
transfer path blocked by the fast solidified metal at the metal/die interface of the thin 
sections after the molten metal travelled to the thinner section from the bottom thicker 
section. 
3) The casting wall thickness influenced IHTC significantly. The large temperature 
differences and relatively high local pressures should be responsible for high IHTC 
peak value at the thicker step.  
4) The empirical equation, relating IHTCs to the wall thickness of the casting is: 
ℎ = 1977.7 ln(𝑥) + 2587.1 
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CHAPTER 7 
INTERFACIAL HEAT TRANSFER IN SQUEEZE 
CASTING OF MAGNESIUM ALLOY AM60 WITH 
VARIATION OF APPLIED PRESSURES AND 
CASTING WALL-THICKNESSES 
 
1. INTRODUCTION  
 
The mechanical properties of magnesium castings are strongly dependent on the rates of 
heat extraction that occurs during solidification. The heat transfer coefficient for high 
pressure die casting (HPDC) can be expected to be much higher than that for gravity 
permanent mold casting processes. Compared to other conventional casting processes, the 
most attractive features of squeeze casting are slow filling velocities and the pressurized 
solidification. Before the solid fraction of the casting becomes high enough, the applied 
pressure squeezes liquid metal into the air or shrinkage porosities effectively. Therefore, 
squeeze casting can make castings virtually free of porosity and usually have excellent as-
cast quality, and are heat treatable, which is difficult to achieve with other conventional 
casting processes.  
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The accuracy of a solidification simulation depends on the accuracy of the heat transfer 
modeling. The critical portion of heat transfer in the casting is that at the metal/mold 
interface. Modeling of the interfacial heat transfer coefficient (IHTC) is very challenging 
due to a number of factors, such as air gap, casting geometry, alloy characteristics, mold 
material, coating, preheat temperature, and other process parameters. For the squeeze 
casting process, the applied hydraulic and local pressures, pouring temperatures, and die 
initial temperatures, are believed to strongly influence the pressure-transfer behavior inside 
the casting [1]. In various casting processes, the contact between the liquid metal and mold 
die is imperfect because of coating applied on the die surface and air gap caused by 
shrinkage. These thermal barriers may decrease the heat transfer between metal and die 
and cooling rates of the casting surface, which influences microstructure and quality of the 
casting significantly. Hence, precise determination of heat transfer coefficients at the metal-
mold interface is essential to accurately simulate solidification process.  
The interfacial heat transfer depends on actual contact situation between the rough surface 
of the mold and the casting. In the case of relatively low melting temperature light alloys, 
the mechanism of heat transfer would be by conduction through the points of interfacial 
contact, and by conduction through the interfacial gas in the regions between the contact 
points. Radiation would not be expected to be a significant heat transfer mechanism in the 
case of Al or Mg alloys [2]. 
The effect of many casting parameters on the interfacial heat transfer coefficient have been 
studied experimentally. Browne and O’Mahoney [3] examined the effect of alloy freezing 
range and head height during solidification of an aluminum alloy in investment casting. 
Ferreira et al. [4, 5] analyzed the effect of alloy composition, melt superheat, mold material, 
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mold roughness, mold coatings, and mold initial temperature distribution on the interfacial 
heat transfer coefficient. Arun et al. [6] examined two-dimensional heat transfer in gravity 
die casting, and studied how the initial non-uniform temperature field that typically results 
after filling of the mold caused the distribution of heat flux and initiation of air-gap 
formation around a casting-mold interface non-uniformly.  
Other researchers aimed at examining the effect of increased pressure on interfacial heat 
transfer. Meneghiniand Tomesani [7] concluded that increased metal heat height increased 
the interfacial heat transfer coefficient and delayed the onset of air-gap formation during 
gravity aluminum alloy die casting. Chattopadhyay [8] simulated the squeeze casting 
process numerically on A-356 with variable heat transfer coefficients, and used heat 
transfer coefficient values 20,000 to 40,000 W/m2K for applied pressures of 25-100 MPa, 
respectively, and suggested that pressures of up to 60-100MPa were optimal for the 
squeeze casting process. Aweda and Adeyemi [9] found only a small (14%) increase in 
interfacial heat transfer coefficient on pure aluminum with applied pressure 86MPa. Guo 
et al. [10] found that heat transfer coefficient initially reached a maximum value of about 
10,000 to 20,000 W/m2K on ADC12 aluminum alloy with 2 to 14 mm section thickness, 
followed by a rapid decline to low values of about a few hundred W/m2K. In the case of 
high pressure die casting of Mg alloy(AM50) in H13 tool steel dies, an initial peak heat 
transfer coefficient value reached 12,000 W/m2K, then decreased to less than 1,000 W/m2K 
over 7 seconds. Dour et al. [11] measured the interfacial heat transfer coefficient values of 
45,000-60,000 W/m2K on Al-12%Si alloy within the 33-90MPa pressure range, but 
observed that the pressure variation did not have a significant impact on the heat transfer. 
A “saturation effect” where increased pressure did not lead to increased heat transfer, was 
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suggested to occur above 5MPa local in-cavity pressure at the interface of H13 die and 
aluminum alloy. Hamasaiid et al. [12] and Dargusch et al. [13] reported the peak heat 
transfer coefficient value of 90,000-112,000 W/m2K during the HPDC of magnesium alloy 
AZ91D with section thickness 2-5mm, declining to low values within 2 seconds. In high 
pressure die casting (HPDC), the typical behavior of the heat transfer coefficient was to 
increase to a peak value, then followed by a rapid decline. This may be explained by 
increasing solidification and fraction solid in the mold cavity causing a reduction in the 
pressure transmitted from the piston to the casting-mold interface. 
Although the IHTC has been studied extensively by many researchers for light alloys, these 
studies only focused on castings with simple geometries. Little attention has been paid to 
variation of casting thicknesses and hydraulic pressures. Actually, in the die casting 
practice, the different thicknesses at different locations of castings results in significant 
variation of the local heat transfer coefficients. Therefore, it is essential to investigate the 
influence of casting thickness, local pressure levels, and process parameters on the IHTC.  
In this study, a special 5-step squeeze casting was designed for numerical determination of 
casting thickness-dependent IHTCs. The temperature measuring units to hold multiple 
thermocouples simultaneously and the pressure transducers were employed to accurately 
measure the temperatures and the local pressures during squeeze casting of magnesium 
alloy AM60. 
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2. EXPERIMENTAL DESIGN 
                                     
(a)                                               (b)                                               (c) 
Figure 7- 1: a) side view, b) front view and c) isometric view of 5-step casting 3-D 
model with the round-shape gating system. 
 
Figure 7-1 shows the 3-D model of 5-step casting, which consists of 5 steps (from top to 
bottom designated as steps 1 to 5) with dimensions of 100 × 30 × 2 mm, 100 × 30 × 4 mm, 
100 × 30 × 8 mm, 100 × 30 × 12 mm, 100 × 30 × 20 mm accordingly. The molten metal 
was filled the cavity from the bottom cylindrical shape sleeve with a diameter of 100 mm. 
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(a)                                                                     (b)                                                                        
Figure 7- 2: (a) An electric resistance furnace with SF6 gas protection, and (b) a 75-ton 
vertical hydraulic press. 
 
Table 7- 1: Thermophysical properties of magnesium alloy AM60 
Properties Mg Alloy AM60 
Solid Liquid 
Thermal Conductivity (W/m K) 62 90 
Specific Heat (J/kg K) 1020 1180 
Density (kg/m3) 1790 1730 
Latent Heat (kJ/kg) 373  
Liquidus Temperature at 0MPa (oC) 621  
Solidus Temperature at 0MPa (oC)  451.6 
 
The integrated casting system consisted of a 75 tons laboratory hydraulic press, a two-halve 
split upper die forming a 5-step cavity, one cylindrical sleeve lower die, an electric 
resistance furnace and a data acquisition system (Figure 7-2). The electric furnace was 
protected by a gas mixture of Sulfur Hexafluoride (SF6) 0.5% + CO2 in balance. The die 
material was P20 steel. Commercial magnesium alloy AM60 was used in experiment with 
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chemical composition (6%Al-0.13%Mn-0.5%Si-0.35%Cu-0.22%Zn-balanceMg).  Table 
7-1 gives the thermal properties of the related materials in this study. 
      
Figure 7- 3: Configuration of upper-dies and geometric installation of thermocouples and 
pressure transducers. 
 
To measure the temperatures and pressures at the casting-die interface accurately and 
effectively, a special thermocouple holder was developed. It hosted 3 thermocouples 
simultaneously to ensure accurate placement of thermocouples in desired locations of each 
step. The thermocouple holders were manufactured using the same material P20 as the die 
to ensure that the heat transfer process would not be distorted.  Figure 7-3 illustrates 
schematically the configuration of the upper die (left and right parts) mounted on the top 
ceiling of the press machine. It also revealed the geometric installation of pressure 
transducers and thermocouple holders.  Pressures within the die cavity were measured 
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using Kistler® pressure transducers 6175A2 with operating temperature 850oC and 
pressures up to 200 MPa. 
 
(a) (b) 
Figure 7- 4: The left and right halves of the 5-step squeeze casting die, (a) five steel pins 
with the holes in their center for the insertion of the thermocouples to measure the casting 
temperatures, and (b) the installation of the fifteen thermocouples (TS 1-15) for the die 
temperature measurement. 
 
The experiments were designed to measure both in-cavity local pressure and heat flux 
simultaneously at the die-casting interface of each step. As shown in Figure 7-3, pressure 
transducers and temperature thermocouples were located opposite each other so that 
measurements from sensors could be directly correlated due to the symmetry of the step 
casting. Five pressure transducers and fifteen temperature measuring units were designated 
as PT1 through PT5, TS1 through TS15, respectively. The thermocouple unit was inserted 
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into the die and adjusted until the front wall of the sensor approached the cavity surface. 
The thermocouples installed inside the 5-step squeeze casting mold were type K with 1/16 
inch diameter, stainless steel sheath, ungrounded junction, and 24 inches sheath length. To 
measure the temperature at the center of each step, a thermocouple was inserted into the 
cavity through a center hole in a steel pin, which was exchangeable with the pressure 
transducer. The installation of the thermocouples is shown in Figure 7-4. 
Before molten metal was poured, the dies were pre-heated to 210oC by four heating 
cartridges installed inside the dies. The casting procedure included pouring molten 
magnesium alloy AM60 into the bottom sleeve at 720oC, closing the dies, filling cavity, 
holding the applied pressure for 25 seconds, lowering the sleeve lower die, splitting the 
two parts of the upper die. Finally, the 5-step casting was shaken out from the cavity.  The 
temperatures inside the die and casting were measured by Omega® KTSS-116U-24 
thermocouples with response time below 10 ms.  Real-time in-cavity local pressures and 
temperature data were recorded by a LabVIEW- based data acquisition system.  
 
                                           (a)                                (b)                            (c) 
Figure 7- 5: A typical5-step squeeze casting solidifying under an applied pressure of 
60MPa, (a) front view, (b) side view and (c) isometric view. 
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The mold coating used in step castings is Boron Nitride lubrication (Type Sf) which was 
sprayed manually onto the surface of the mold cavity before heating the dies to the initial 
temperature. To minimize the thermal barrier effect of mold coating, the coating thickness 
applied in this study was relatively thin (below 50um).  Figure 7-5 shows a typical squeeze 
casting of AM60 alloy under an applied pressure of 60 MPa. The chill vent and all five 
steps were filled completely. The soundness of the 5-step casting was evaluated via real-
time X-ray inspection with a GE X-Cube radioscopic inspection system.  
 
3. INVERSE ALGORITHM FOR THE IHTC 
 
The heat transfer inside the die at each step during squeeze casting of AM60 alloy is 
transient conduction through one-dimensional steps which can be described by Equation 
7-1: 
                                                                                                                                      7-1 
 
where ρ is density of conducting die, T is the temperature, t is the time and x is the distance 
from the die surface to the node point; c(T), k(T) are specific heat capacity and thermal 
conductivity of the die changed with temperature, respectively. The details on the inverse 
algorithms incorporating the finite difference method as a numerical solution are given in 
chapter 6. 
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4. NUMERICAL SIMULATION FOR IHTC VERIFICATION 
 
By applying the IHTC values determined by the inverse algorithm to casting simulation, 
the cooling curves at the center of Step 5 were compared between numerical predictions 
and experimental results. The finite difference method-based commercial simulation 
package (MAGMAsoft®) was employed as the numerical simulation tool and the 
application pressure of 60 MPa was taken as an example to conduct the verification. 
Before the simulation was performed, casting process parameters were defined, including 
the thermophysical properties of the casting and mold material and their initial temperature 
conditions. The heat transfer coefficients also had to be input as the boundary condition for 
the casting configuration.  Specifications for the filling and solidification processes 
included the filling time or pouring rate, the filling direction, the feeding effectivity, 
criterion temperatures and the solver types.  The feeding effectivity defined the maximum 
ratio of the volume available for feeding and the actual volume of the top chill vent. The 
filling time was determined based on the casting size and the hydraulic plunger moving 
speed. The fill direction indicates the flow of metal into the mold and is defined here in the 
positive Z direction to match the orientation of the squeeze casting system. The filling and 
solidification simulation parameters used in this study are listed in Tables 7-2 and 7-3 [15, 
16]. 
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Table 7- 2: Parameters for filling simulation 
Filling Definition 
Parameter Value 
Solver Solver 5 
Filling Depends on Time 
Filling Time 1.8 s 
Storing Data 10% increments of % Filled 
Fill Direction-X 0 
Fill Direction-Y 0 
Fill Direction-Z +1 
 
Table 7- 3: Parameters for solidification simulation 
Solidification Definition 
Parameter Value 
Temperature from Filling Yes 
Solver Solver 5 
Stop Simulation Automatic 
Stop Value 433C 
Calculate Feeding Yes 
Feeding Effectivity 70% 
Criterion Temperature 1# (solidus) 451.6C 
Criterion Temperature 2# (liquidus) 621.0C 
Storing Data 10% increments of % Solidified 
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Simulation of the mold filling and solidification process required geometrical models of 
the casting, the gating system and the mold. The preprocessor module of simulation 
software then read the STL files as geometry. After the establishment of the full casting 
models, the whole geometry was enmeshed automatically with about 200,000 elements.  
Three different heat transfer coefficients were applied to the prediction calculation: (1) a 
constant IHTC of 7000 W/m2 K (C7000) [15]; (2) the heat transfer coefficient calculated 
from Yu’s research [17]; (3) the heat transfer coefficients calculated by the inverse 
algorithms in this study.  The thermophysical properties of the magnesium alloy AM60 
were selected from the database of the employed simulation software. The initial and 
boundary conditions for simulation are listed in Table 7-4. 
Once the meshed geometries and the necessary process parameters were established, the 
actual filling and solidification simulations were carried out. The type of numerical 
calculations employed based on the finite difference algorithm (Solver) was selected for 
accuracy and computational time. 
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Table 7- 4: Initial and boundary conditions for simulation 
1 Material definitions  
(Initial Temperature) [0 oC] 
Cast Alloy (AM60) 620 
Mould (HPDC) 210 
2 Boundary definitions  
(Heat Transfer Coefficient) 
[W/ m2 K] 
Casting – Mould 
(1) C7000 
(2) Yu’s Curve 
(3) Inverse algorithms 
3 Filling definitions 
(pouring time) [s] 
Use solver 5 1.8 
 
5. RESULTS AND DISCUSSION 
 
5.1 Pressure Effect on IHTCs  
 
The results of the real-time X-ray radiograph examination are shown in Figure 7-6. It is 
evident from Figure 7-6 (a) that the 5-step squeeze cast AM60 under an applied pressure 
of 60 MPa was virtually free of gas and shrinkage porosities. However, the typical 
porosities were easily found in the 5-step casting while no external pressures were applied 
as shown in Figure 6-6 (b). Figure 7-7 shows typical temperatures versus time curves at 
the metal-die interface of Step 4 for solidifying magnesium alloy AM60 and inside the steel 
die with an applied hydraulic pressure of 30MPa. The results include the measured 
temperature of casting surface and temperature measurements obtained at different depths 
underneath the die surface (T1-2 mm, T2-4 mm, and T4-6 mm). Since molten metal filled 
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the cavity from the bottom, pre-solidification occurred upon the completion of cavity 
filling. No die surface temperatures exceeded 340oC, and the highest temperature of the 
casting surface was 532.97oC. 
 
                                        (a)                                                                  (b) 
Figure 7- 6: X-ray radioscopic examination showing the soundness of the step castings 
under the applied pressures of (a) 60 MPa and (b) 0 MPa. 
 
The die surface temperature (T0) and the heat flux (q) transferred at the interface between 
the molten metal and die were determined by the inverse method.  Figure 7-7 shows the 
estimated result of the interfacial heat flux (q) and the heat transfer coefficient (IHTC) 
versus solidification time.  The peak heat flux value was 7.38E+05 W/m2, and the peak 
value of IHTC was 6005 W/m2K. It can be observed that the heat flux and IHTC curves 
reached to their peak value promptly and then dropped gradually until their values dropped 
to a low level, respectively. 
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Figure 7- 7: Typical temperature versus time curves (Step 4, 30 MPa) at metal surface, die 
surface, and various positions inside the die; The interfacial heat flux(q) and the heat 
transfer coefficient (IHTC) curves estimated by inverse method (Step 4, 30 MPa). 
 
The in-cavity local pressures at the interface of step casting and die were measured using 
the Kistler® pressure transducers of which calibration was conducted before the 
experiment.  Figure 7-8 shows the local pressure distributions at the casting-die interface 
of step 4 under the applied hydraulic pressures of 30, 60, 90 MPa. Upon the completion of 
the cavity filling, the local pressure increased abruptly to reach its peak value, then 
decreased gradually until the pressure-transfer path died out. For the hydraulic pressures 
of 30, 60, and 90 MPa, the local pressure peak values were 12.1, 21.7, and 35.2 MPa, 
respectively.  With the applied hydraulic pressure increased from 30 to 90 MPa, the IHTC 
peak value of step 4 was increased from 6005 to 9418 W/m2K, accordingly. This effect can 
T4-6mm 
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be associated to greater local pressure application experienced for higher applied hydraulic 
pressure. 
 
Figure 7- 8: Typical local pressure distributions and IHTC curve at the casting-die 
interface of step 4 under the applied hydraulic pressures of 30, 60, 90 MPa. 
 
Under the applied hydraulic pressure of 30 MPa, the pressure-transfer path inside the 
casting shrank quickly (9.1 s) as the solidification proceeded. The pressure-transfer path 
existed longer (14.6 s) when the applied hydraulic pressure increased to 90 MPa, indicating 
that a good heat transfer condition can be achieved. From the hydraulic pressure 30 to 90 
MPa, the local pressure peak value at step 5 casting-die interface was varied from 20 to 50 
MPa. 
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Figure 7- 9: Typical effects of applied pressures on the heat transfer coefficients varying 
with casting surface temperature at the step 4. 
 
Figure 7-9 shows the variation of interfacial heat transfer coefficients as a function of 
casting surface solidifying temperature at the step 4 under applied hydraulic pressures 30, 
60, and 90 MPa.  It can be observed that the values of the interfacial heat transfer 
coefficients increased gradually after the cavity filled. When the maximum IHTC values 
reached at different casting surface temperatures under various applied pressures, the IHTC 
values decreased to a low value level.  For the applied pressures of 30, 60, and 90 MPa, the 
peak IHTC values (6005, 7871, and 9418 W/m2K) were found at 392, 353, and 304oC, 
respectively. As the applied pressure was relatively small (30 MPa), the peak value of the 
IHTC was low (6005W/m2K) and appeared at a high die surface temperature (392oC). 
However, under the high applied pressure (90 MPa), the peak value of the IHTC was 
increased to 9418 W/m2K and occurred at a low die surface temperature (304oC). This 
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observation should be attributed to the presence of long pressure transfer path as the high 
pressure was applied. 
 
5.2 Effect of Casting Wall Thicknesses on IHTCs 
 
Figure 7- 10: Interfacial heat transfer coefficients (IHTC) curves of 5 steps under the 
applied pressure of 30 MPa. 
 
Figure 7-10 shows that the heat transfer coefficient (IHTC) curves of 5 steps determined 
by the inverse method under an applied pressure of 30 MPa. For all the steps, the IHTCs 
began with an increasing stage and reached their peak values, then dropped gradually until 
the value became a low level. From steps 1 to 5 with 30 MPa pressure, the peak IHTC 
values varied from 2807W/m2K, 2962W/m2K, 3874W/m2K, 6005W/m2K to 7195W/m2K, 
indicating the closer contact between the casting and die surface at thicker steps.  Therefore, 
Step 2 (4 mm) 
Step 1 (2 mm) 
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the wall thickness affected IHTC peak values significantly. The peak IHTC value increased 
as the step became thicker. This effect can be associated to greater local pressure 
application experienced at the thicker step. 
For the steps 1, 2, 3, 4 and 5, it took 4.1, 4.2, 4.7, 6.1, and 8.2 seconds respectively to reach 
their peak values, respectively. Besides the different peak values, the time for IHTC to 
obtain the peak value during the initial stage increased as the step became thicker. The 
thicker steps needed relatively long time to reach the high peak IHTC values since 
additional time was required for pressure transfer. 
 
Figure 7- 11: The peak IHTC values of 5 steps estimated by the inverse method with the 
applied pressures of 30, 60 and 90 MPa. 
 
Figure 7-11 shows the IHTC peak values at step 1 through 5 with the applied pressures of 
30, 60 and 90 MPa. Similar characteristics of IHTC peak values can be observed at 30, 60 
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and 90MPa. Under the applied pressure of 60 MPa, the peak IHTC values at steps 1, 2, 3, 
4, and 5 varied from 4662 W/m2K, 5001 W/m2K, 5629 W/m2K, 7871 W/m2K and 8306 
W/m2K. As the applied pressure became 90 MPa, the peak IHTC values varied from 5623 
W/m2K, 5878 W/m2K, 6783 W/m2K, 9418 W/m2K to 10649 W/m2K at steps 1, 2, 3, 4, 5, 
respectively. 
With increasing the applied hydraulic pressures, the IHTC peak value of each step was 
increased accordingly. This is because the pressure exerted locally at each step became 
larger as the high hydraulic pressure applied. The wall thickness affected IHTC peak values 
significantly.  It also can be observed that the peak IHTC value and heat flux increased as 
the step became thick. The large difference in temperatures between the melt and the die 
with the thick cavity section as well as relatively high localized pressure should be 
responsible for the high peak IHTC values observed at the thick steps. 
 
5.3 IHTC Empirical Equations 
 
From the above interfacial heat transfer coefficient (IHTC) curves obtained with 
temperatures and pressures, the peak IHTC value(h) empirical equation as a function of 
local pressures and solidification temperatures can be derived for all steps by multivariate 
linear and polynomial regression.  
 For the step 5 with thickness 20mm, 
ℎ𝑠𝑡𝑒𝑝5 = (0.000044𝑃 − 0.0028)𝑇
3 + (3.118 − 0.0633𝑃)𝑇2 + (25.66𝑃 − 1053.33)𝑇
− 3131𝑃 + 112616   
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 (0𝑀𝑃𝑎 < 𝑃 < 50𝑀𝑃𝑎, 20℃ < 𝑇 < 540℃,
the correlation coefficient R = 0.9026) 
 For the step 4 with thickness 12mm, 
ℎ𝑠𝑡𝑒𝑝4 = (0.00017𝑃 − 0.0022)𝑇
3 + (2.297 − 0.2048𝑃)𝑇2 + (76.17𝑃 − 738.08)𝑇
− 8983𝑃 + 75045    
(0𝑀𝑃𝑎 < 𝑃 < 36𝑀𝑃𝑎, 20℃ < 𝑇 < 540℃,
the correlation coefficient R = 0.9586) 
 For the step 3 with thickness 8mm, 
ℎ𝑠𝑡𝑒𝑝3 = (0.000014𝑃 + 0.0011)𝑇
3 − (1.35 + 0.0178𝑃)𝑇2 + (8.44𝑃 + 506.66)𝑇
− 623𝑃 − 68705    
(0𝑀𝑃𝑎 < 𝑃 < 25𝑀𝑃𝑎, 20℃ < 𝑇 < 510℃,
the correlation coefficient R = 0.8625) 
 For the step 2 with thickness 5mm, 
ℎ𝑠𝑡𝑒𝑝2 = (0.0039 − 0.00003𝑃)𝑇
3 + (0.016𝑃 − 3.473)𝑇2 + (945 − 0.87𝑃)𝑇 − 185𝑃
− 89714  
 (0𝑀𝑃𝑎 < 𝑃 < 15𝑀𝑃𝑎, 20℃ < 𝑇 < 450℃,
the correlation coefficient R = 0.8563) 
 For the step 1 with thickness 3mm, 
ℎ𝑠𝑡𝑒𝑝1 = (0.000087𝑃 + 0.0015)𝑇
3 − (0.075𝑃 + 1.24)𝑇2 + (20.13𝑃 + 344)𝑇
− 1632𝑃 − 30051   
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 (0𝑀𝑃𝑎 < 𝑃 < 10𝑀𝑃𝑎, 20℃ < 𝑇 < 360℃,
the correlation coefficient R = 0.8694) 
where P is the local pressure with the range from 0 MPa to 50 MPa (hydraulic pressure 
from 0 MPa to 90 MPa), T is the solidification temperatures with the range from 0oC to 
540oC, and the correlation coefficient R varies from 0.85 to 0.95. 
 
5.4 IHTC Verification  
 
A 5-step casting of magnesium alloy AM60 was squeezed under an applied pressure of 60 
MPa with a melt temperature of 620oC and a die temperature of 210oC. The temperature 
history at the center of the fifth step of the 5-step casting is represented in Figure 7-12. 
 
During experiments, after the commencement of the process, the temperature increased at 
the center of Step 5 was recorded by the first segment of cooling curve till the melt was 
filled into cavity. Before the filling was completed, the center of the casting as the last 
solidification area was cooled at a slower rate than its outer portion. The highest 
temperature of 614.8 oC just around the liquidus temperature (615oC) at the center was able 
to maintain at the liquidus-solidus mush state and then dropped quickly. This observation 
indicates that pre-solidification occurred in the 5-step casting adjacent to the casting/die 
interface during filling. As solidification time further increased, the temperature at the 
center of Step 5 decreased toward the solidus temperature within 6 seconds and the 
temperature decreased below 300oC after 60 second. 
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Figure 7- 12: A typical experimental cooling curve at the center of Step 5 (AM60) under 
an applied pressure of 60 MPa. 
 
For the verification of the identified IHTC, the temperature distribution was calculated by 
feeding the different IHTCs into the simulation package with the same materials and 
process parameters, and then compared to the measured temperatures at the corresponding 
location. 
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(a) 
 
(b) 
 
(c) 
 
Figure 7- 13: Temperature distribution inside the 5-step casting (80% solidified) of 
AM60 simulated with the input of HTCs, (a) 7000 W/m2K, (b) Yu’s research, and (c) the 
Inverse algorithms. 
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(a) 
 
(b) 
Figure 7- 14: Comparison of the experimental and computational cooling curves at the 
center of Step 5under an applied pressure of 60 MPa, (a) the entire cooling period, and (b) 
the enlarged solidification region. 
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Figure 7-13 shows the temperature distribution inside the 5-step casting simulated with the 
input of three selected different HTCs when 80% volume of the casting was solidified. As 
shown in Figure 7-14, the curve 4 presented the computed results by applying the constant 
IHTC (7000 W/m2K). It appeared that, an underestimation of the IHTC (7000 W/m2K) 
occurred at the early stage of the solidification process since the computed temperatures 
were quite higher than the experimental measurements. As the solidification proceeded 
after 11 seconds, however, the measured temperature history moved upward and stayed 
above the numerical prediction. The input of 7000 W/m2K seemed to be overestimated. 
 
The curve 3 in Figure 7-14 was predicted by applying Yu’s research data. It can be observed 
that a small deviation between the prediction and experimental data. The simulation was 
improved by Yu’s research data over the adoption of a simple constant (7000 W/m2K).  But, 
the underestimation and overshooting of the IHTCs also took place at the early and later 
stages of the solidification process, respectively.  
 
The curve 2 in Figure 7-14 represents the predicted temperatures by applying the IHTC 
data derived from the inverse algorithms in this study.  A little deviation between the 
experimental measurements and the computed temperatures was observed in the region of 
the solidus temperature. This may be attributed to the fact that the inverse calculated the 
HTCs based on the temperatures measured in the mold, and at the casting surface which 
might be slightly outside the casting. Also, it was almost impossible to precisely measure 
the temperatures right at the casting center.  
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The computational output from the inverse method has the best agreement with 
experimental data compared to those resulting from other methods. The maximal 
temperature differences were less than 90oC and the mean temperature differences were 
less than 3.80oC between the numerical calculation of the inverse algorithms and 
experimental measurements. The results confirm that the inverse algorithms can be applied 
to determine the IHTC between the castings and mold accurately and reliably.  
 
6. CONCLUSIONS 
 
1. The 5 step casting of magnesium alloy AM60 with different wall-thicknesses (2, 4, 8, 
12 and 20 mm for Steps 1, 2, 3, 4, 5) were prepared under various hydraulic pressures 
(30, 60, and 90 MPa) using in-directed squeeze casting process. The IHTC versus time 
and temperature curves have been successfully determined by the inverse method. The 
heat fluxes and IHTCs reached to their peak values promptly and then dropped 
gradually to a low level.  
 
2. The in-cavity local pressures at the interface of the step casting and die rose abruptly 
to its peak value, then decreased gradually until the pressure-transfer path died out. 
The pressure-transfer path extended longer as the applied hydraulic pressure increased. 
 
3. As the applied hydraulic pressure increased, the high IHTC peak value of each step 
was obtained accordingly.  This effect can be attributed to the exertion of greater 
pressure locally at each step for higher applied hydraulic pressure. 
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4. Similar characteristics of IHTC peak values can be observed at 30, 60 and 90 MPa 
applied pressures. With an applied pressure of 60 MPa, the peak IHTC values at steps 
1, 2, 3, 4, and 5 were 4662 W/m2K, 5001 W/m2K, 5629 W/m2K, 7871 W/m2K and 
8306 W/m2K respectively. As the applied pressure increased to 90 MPa, the peak 
IHTC values were 5623 W/m2K, 5878 W/m2K, 6783 W/m2K, 9418 W/m2K and 10649 
W/m2K respectively. 
5. The wall thickness affected IHTC peak values significantly. The peak IHTC values 
and heat fluxes increased as the steps became thick. The large difference in 
temperatures between the melt and the die with thick cavity sections as well as 
relatively high localized pressure should be responsible for the high peak IHTC values 
observed at the thick steps. 
 
6. The empirical equations of all steps relating IHTC to the local pressures and 
solidification temperature at the casting surface were developed. 
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CHAPTER 8 
ESTIMATION OF HEAT TRANSFER COEFFICIENT 
IN SQUEEZE CASTING OF WROUGHT ALUMINUM 
ALLOY 7075 BY THE POLYNOMIAL CURVE 
FITTING METHOD 
 
1. INTRODUCTION 
 
Wrought aluminum alloys with their high strength properties have achieved widespread 
use in today’s aerospace and automotive industries. Aluminum alloys of 7075 are known 
for its high strength and other good characteristics which allow them suitable for 
applications such as structural component or tooling plates [1]. Squeeze casting has the 
advantage of pressurized solidification, close dimensional tolerance and good surface 
finish. During the solidification process, the applied pressure feed the liquid metal into the 
air or shrinkage porosities effectively. It makes castings free of porosity and excellent as-
cast quality [2-3]. There is limited open literatures or research activities that focus on 
casting wrought aluminums. It is interesting to combine the advantages of wrought 
aluminum with its excellent properties and squeeze casting process with its novel shaping 
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techniques. The cast version of wrought aluminum might fill the gap between wrought and 
cast components. 
In today’s foundry, numerical simulation improved the productivity significantly. 
However, one of the most important parameter, the interfacial heat transfer coefficients 
(IHTCs) at the metal-mold interface is usually roughly set in the available finite element 
method (FEM) and finite difference method (FDM) commercial code [4]. To accurately 
determine the solidification path, microstructure development and shrinkage porosity 
formation etc., it is necessary to have a precise prediction of boundary conditions. In the 
real-life casting process, the imperfection of the contact between the mold and liquid metal 
due to the air gap caused by the application of coating on die surface may decrease the heat 
transfer between metal and die as well as cooling rate of the casting surface. These thermal 
barriers could degrade casting quality and properties significantly [5, 6]. Therefore, an 
accurate prediction of the IHTC is critical to simulate the solidification process. 
 
For decades, researchers have done extensive works to obtain heat transfer coefficients for 
difference metal-mold interfaces by different kind of casting processes experimentally or 
analytically. Dour et al. [7] reported their work to evaluate IHTC of a thin wall aluminum 
casting by the application of HPDC technique. The results showed that the lower preheat 
die temperature and a faster shot velocity led to a higher IHTC value.  Rajaraman and 
Velraj [8] estimated IHTC by the Beck’s and control volume methods. The results 
indicated that the calculated results by these two methods have a maximum percentage 
deviation of around 40 and 57%, respectively. The control volume technique produced 
more accurate and reliable results, since it does not involve iteration and step by step 
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computation.  Hao et al. [9] used FDM to solve thermal conduction equation. They used 
the temperature recovery method to calculate the latent heat of fusion. They found that the 
IHTC of ductile iron increased gradually and it indicated that the metal-die interface stay 
in close contact condition. This showed a different result in comparison to those estimated 
in steel and other nonferrous alloy castings.  Also, most of the casting products involve 
various section thicknesses, difference in section thicknesses could result in significant 
variation of the heat transfer coefficient.  Also, as the section became thinner, the 
evaluation of IHTC was vital due to the limitation in solidification time. Thus, it was 
important to examine the influence of casting section thickness on the IHTC [10-12]. 
However, most of the work has been focused on permanent mold casting processes and 
casting aluminum alloys. There is very limited knowledge about IHTC during squeeze 
casting by using wrought aluminum alloys. 
In this work, 5-step squeeze casting mold was designed for evaluation casting thickness-
dependent IHTC. The temperature at the die surface was estimated by the polynomial 
extrapolation method, which required the temperature values at different locations inside 
the die. With the temperature measurements and the estimated die surface temperatures, 
the heat flux and interfacial heat transfer coefficient were calculated at the casting /die 
interface. 
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2. EXPERIMENTAL PROCEDURES 
 
2.1 Die Design 
 
Table 8- 1: Thermo-physical parameters of Al 7075-T6 alloy 
 
Table 8- 2: Chemical composition of Al7075 alloy (in weight percent) 
 
               
(a)                           (b)                             (c) 
Figure 8- 1: a) 3-D model of step casting mold, and b) side view and c) front view of 5-
step casting sample of Al 7075 by squeeze casting under an applied pressure of 60 MPa.
Material Density 
g/cm3 
Specific 
heat 
J/g K 
Thermal 
conductivity 
130 W/m K 
Solidus 
temperature 
oC 
Liquidus 
temperature 
oC 
Al 7075 2.81 0.96 130 477 635 
Al Zn Mg Cu Cr Fe Si Mn Ti 
88~92 5.1~6.1 2.1~2.9 1.2~2.0 0.18~0.28 Max 
0.50 
Max 
0.40 
Max 
0.30 
Max 
0.20 
1 
2 
3 
4 
5 
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Figure 8-1(a) illustrates the 3-D model of a 5-step casting die. There were totally six steps, 
of which the first step (top step) was designed as an overflow to entrap impurities in the 
upfront stream of the liquid melt during cavity filling. The vent was located on the top of 
the overflow, which could discharge the air inside the die. The dimensions for the rest of 
the 5 steps (from the second top) were 100x20x2 mm, 100x30x4 mm, 100x30x8 mm, 
100x30x12 mm and 100x30x20 mm, accordingly. Figure 1(b) gives the side view of a 5-
step casting sample of Al7075, of which chemical composition is given in Table 8-2.  
 
 
 
             
       (a)                                                    (b) 
 
Figure 8- 2: a) side view and b) front view of the step die illustrating the locations of the 
thermocouples in each step. 
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To acquire the temperature history of each step, three K-type thermocouples (totally 15 
thermocouples) were placed at each steps with the distance of 2 mm, 4 mm, and 6 mm 
away from the cavity surface, as shown in Figure 8-2. The cavity was filled from the bottom 
sleeve (with diameter of 100 mm) to the top. 
 
2.2 Casting Process 
 
A 75-ton- hydraulic press and wrought aluminum 7075 were used in the experiment, the 
thermo-physical parameters for the alloy are summarized in Table 8-1. The metal was 
firstly melt in an electric resistance furnace with the protection of nitrogen gas on the top. 
The holding temperature of the furnace was 800oC. As shown in Figure 8-3, the two half 
upper dies opened along the central parting line. The lower die had a diameter of 100 mm 
and a height of 200 mm. Both of the upper and lower dies were preheated by cartridge 
heaters. The upper die was preheated to 250oC and the lower die at 300oC. Liquid metal at 
710oC was poured into the lower die. At last, the liquid metal was squeeze casted under an 
applied pressure of 60 MPa and kept holding at this pressure for 25 seconds. 
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Figure 8- 3: Schematic diagram of squeeze casting machine 1) upper die, 2) lower die and 
3) piston. 
 
2.3 Heat Transfer Model 
 
Since the thickness of each steps was much smaller than the width, it could be assumed 
that the heat transfer was one dimensional at each step. The IHTC can be characterized by 
the following equation (Eq. 8-1). 
                                                              8-1 
where h is IHTC, q is average heat flux at the metal-mold interface, A is the cross section 
area, TC is casting temperature and Td is die surface temperature, respectively. The heat 
flux for both of the casting and die interface could be evaluated from Eq. 8-2 with the 
temperature gradient at the surface and sub-surface nodes (2, 4, and 6mm form the surface). 
Hydraulic press 
1 
2 
3 
ℎ(𝑡) =
𝑞(𝑡)
𝑇𝑐 − 𝑇𝑑
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where k is thermal conductivity of the casting or die materials. The superscript t is 
solidification time. The subscript m is the number of the discrete nodal points. The heat 
transfer at each step is unsteady conduction transfer through one-dimensional body which 
can be described by Eq. 8-3. 
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For the heat transfer at the surface of the die, Eq. 8-3 could be rearranged as Eq. 8-4: 
 
        ( 1 + 2F ) T0p+1 – 2 F T1p+1 = 2F 
∆𝑥
𝑘
 q0 + T0p                                  8-4 
For the heat transfer inside of the die, Eq. 8-3 could be rearranged as Eq. 8-5: 
 
         ( 1 + 2F ) Tp+1 – F ( Tm-1p+1 +  Tm+1p+1 ) =  Tmp                           8-5 
 
where the superscript p denotes the time dependent of T. F is a finite different form of the 
Fourier number: 
 
                         22 )()( x
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k
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t
F


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




                                                       8-6 
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The heat flux at the metal-die interface at each time step was obtained by applying 
Equations 8-4 and 8-5. 
 
2.4 Polynomial Curve Fitting 
 
The metal-die interface temperature Tc was estimated by the polynomial curve fitting 
method. Thus, the IHTC values can be calculated by Eq. 8-1 with the measured casting 
temperature. Three K-type thermocouples were located at X1= 2 mm, X2= 4 mm and X3= 
6 mm away from the inside die surface for each steps. Using the temperature reading from 
thermocouples at different locations, a temperature versus time curve can be obtained. The 
temperature at the inside die surface (X0= 0 mm) can be estimated by using the polynomial 
curve fitting method. 
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Figure 8- 4: Polynomial curve fitting with the temperature readings from step 2 at 1.1 
seconds after pressurized solidification. 
 
During solidification (after completion of filling), the data could be plotted on a 
temperature versus time plot by selection of the temperatures readings from the three 
thermocouples at the same time step, for example t=1.1 second, as shown in Figure 8-4. 
The temperature values versus distance X were then fitted by the polynomial trendline. To 
obtain the temperature at the inside die surface, the value X0= 0 mm was substituted in the 
polynomial curve fitting equation (Eq. 8-7). 
 
y = 0.2549x2 - 6.7513x + 291.6                                            8-7 
y = 0.2549x2 - 6.7513x + 291.6
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This procedure was repeated for different time increments to obtain a series of die surface 
temperature data. 
 
3. RESULTS AND DISCUSSION 
 
3.1 Cooling curves 
 
Figure 8- 5: Typical temperature versus time curve (step 2, 60 MPa) at the casting metal 
surface, die surface and various positions inside the die. 
 
Figure 8-5 shows an example of the typical temperature versus time curve (at step 2), which 
includes estimated die surface temperature T0 by polynomial curve fitting, measured 
temperature at the casting surface and T1, T2 and T3 at distances of X1= 2 mm, X2= 4 mm 
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and X3= 6 mm away from the inside die surface.  The molten metal was poured at 710 oC. 
As the molten metal filled from the bottom to the top of the die, the temperature was 
decreased to 529 oC at step 2. From Figure 8-5, a dynamic temperature change occurred at 
the metal-die interface, since the temperatures of the casting surface increased and dropped 
much faster than the temperatures in the locations at different depths under the die surface. 
Segment OP of metal-surface temperature curve represented the period immediately after 
liquid metal pouring. The abrupt negative slope indicates a fast heat transfer behavior at 
the metal-die interface. Also, the rapid decrease in temperature took only 0.9s after metal 
solidification which indicates a high cooling rate occurs at step 2. Corresponding to the 
decrease in metal surface temperature, there was an increase in die surface temperature T0 
(X0=0 mm) which was estimated by the polynomial curve fitting method. The casting 
continued to lose heat until it reached the solidus temperature and completely solidified. 
 
3.2 Heat Flux and IHTC Curves 
 
Figure 8-6 presents the determined step-2 heat flux (q) and IHTC (h) profiles associated 
with the results in Figure 8-5. The rapid decrease in temperature at segment OP of the metal 
surface led to an abrupt increase in heat flux until its maximum value (3.08Ex105 W/m2) 
was reached. Corresponding to the rapid decrease in temperature at segment OP, the abrupt 
increase in IHTC was observed at segment EF on IHTC curve. Then, the IHTC kept 
increasing until reaches its maximum 2300 W/m2 K. Once the peak was reached (point G), 
the IHTC values started to fluctuate until point J was reached, after which the IHTC fell 
rapidly to point K. The uncertainty and error of the polynomial extrapolated method should 
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be responsible for the fluctuation presented in IHTC or heat flux values. The rapid decrease 
in IHTC (segment JK) at step 2 could be caused the fact that the casting surface was not 
firmly contact with the die surface due to the lack of pressure present at step 2 as the 
solidification process proceeded. 
 
Figure 8- 6: Interfacial heat flux (q) and interfacial heat transfer coefficient (IHTC) curves 
for step 2 with the applied pressure of 60 MPa. 
 
Figures 8-7 and 8-8 show the estimated heat flux and IHTC at step 1 to step 5 by the 
extrapolated fitting, respectively. All the q and IHTC profiles varies in a similar manner 
with step 2 as discussed before.  They all initially increased abruptly right after the pressure 
was applied until the peaks were reached and then decreased until their values became 
steady state. 
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The casting step thickness influenced the IHTC significantly. For step 1, with the section 
thickness of 2 mm, IHTC reached its peak (1.33 Ex103 W/m2 K) 5s after the pressure 
applied. And then, it decreased to its lower level (444.32 W/m2 K) at 21s. For step 2, with 
the section thickness of 4 mm, IHTC reached its peak (2.33 Ex103 W/m2 K) 7s after the 
pressure applied. It then decreased to its lower level (699.4 W/m2 K) at 25s. For step 3, 
with the section thickness of 8 mm, IHTC reached its peak (4.36 Ex103 W/m2 K) 8s after 
the pressure applied. It decreased to its lower level (1.69Ex103 W/m2 K) at 30s. For step 4, 
with the section thickness of 12 mm, IHTC reached its peak (8.2 Ex103 W/m2 K) 10s after 
the pressure applied. It decreased to its lower level (4.12Ex103 W/m2 K) at 23s. For step 5, 
with the section thickness of 20 mm, IHTC reached its peak (11.7 Ex103 W/m2 K) 11s after 
the pressure applied. It decreased to its lower level (4.5Ex103 W/m2 K) at 31s. 
 
Figure 8- 7: Heat flux (q) curves for steps 1-5 estimated by the extrapolated fitting 
method. 
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Figure 8- 8: Interfacial eat transfer coefficient (IHTC) curves for step 1-5 estimated by 
extrapolated fitting method. 
 
Also, the IHTC curve profiles expanded vertically, were elevated, and became tall and 
steep as the step thickness increased. Also, as the step thickness increased, it took more 
time for the IHTC to climb to its maximum value. For example, it took almost 3s longer 
for step 5 to reach its peak (11.75 x103 W/m2 K) in comparison with step 3. 
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4. CONCLUSION 
 
The wrought aluminum 7075 alloy was successfully cast by the squeeze casting technique 
under an apply pressure of 60 MPa. The IHTC between the wrought alloy and steel die was 
estimated by the extrapolation method based on the temperature measurements during 
squeeze casting. 
All the IHTC curves presented a similar pattern. After the pressure was applied, the curves 
increased rapidly until their peak were reached and then decreased until they arrived at 
their plateaus.  The step thickness had a significant influence on the shape of the IHTC 
curves. Their profiles became expanded, tall and steep as the step thicknesses increased. 
The step thickness also varied the IHTC values. It increased as the section thickness 
increased. Comparing the IHTC curves for step1 to step 5, the IHTC values varied form 
1.33x103 W/m2 K to 11.75x103 W/m2 K. It took almost 6s longer for step 5 to reach its 
peak compared with step 1. 
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CHAPTER 9 
DETERMINATION OF METAL/DIE INTERFACIAL 
HEAT TRANSFER COEFFICIENTS IN SQUEEZE 
CASTING OF WROUGHT ALUMINUM ALLOY 7075 
WITH VARIATIONS IN SECTION THICKNESSES 
AND APPLIED PRESSURES 
 
Nomenclature 
 
A        surface area 
B        calculated temperature 
Cp       heat capacity 
F0        Fourier number 
h         heat transfer coefficient 
j          future time 
k         thermal conductivity 
L         length 
Papplied    applied hydraulic pressure 
Plocal    measured local pressure at each step 
q        heat flux 
r         number of future time temperature 
Y         measured temperature 
Tc       casting temperature 
Td       die surface temperature 
Ti        initial die temperature 
Tl        liquidus temperature 
T0        initial temperature 
Ts        solidus temperature 
T∞       ambient temperature 
 
t      time 
x    location 
x0    thermocouple location 
 
Greek symbols 
α     thermal diffusivity 
ε    small fraction 
ϕ     sensitivity coefficient 
Δθ   time step for heat flux 
Δt    time step for temperature 
ρ     density 
 
Superscripts 
j       future time 
p      time step 
 
Subscripts 
i       (0,1,2,3…) 
n      grid point 
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1. INTRODUCTION 
 
Aluminum and its alloys have the advantages of low melting points, rapid heat transfer, 
high strength-to-weight ratio, and good corrosion resistance.  For this reason, aluminum 
alloys are widely used in the automotive industry [1]. Comparing to casting alloys, wrought 
aluminum alloys typically employ lower alloying constituents such as silicon, which 
contains around 1.5% comparing to 3-15% of the casting alloys. Wrought alloys are 
typically not castable, and they usually gain their shape and high-strength property in the 
mechanical deformation processes of rolling, hammering or milling [2]. The major problem 
associated with casting these wrought alloys is their high tendency to form casting defects 
such as porosity, shrinkage, and hot tearing resulting from their inherent solidification 
characteristics, i.e., long freezing ranges and poor fluidities [3].  
To make better use of wrought aluminum alloys for various potential engineering 
applications, squeeze casting, also called liquid metal forging, extrusion casting, squeeze 
forming and pressure crystallization, as one of the best promising techniques, has been 
emerging, and extensively studied in the past few decades.  This is because the fluidity is 
not a critical process parameter in squeeze casting, and liquid molten metal is solidified in 
the die cavity under applied pressures to reduce and minimize defects associated with 
shrinkage cavities and porosity formation in squeeze casting [4, 5].   
Yue et al. [3] compared the tensile properties of AA7010 alloy fabricated by squeeze 
casting process under applied pressure of 50 MPa and its wrought counterpart. They found 
that when the pouring temperature was near the liquidus temperature of the alloy, fine 
cellular grains formed. The tensile properties of the squeeze cast alloy heat-treated to the 
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peak-aged condition were all above the specified minimum set for the die forgings of the 
material. Souissi et al. [6] used the Taguchi method to establish the relationship between 
the yield strength, ultimate tensile strength and microhardeness and process parameters in 
direct squeeze casting of 2017A wrought aluminum alloy. Their statistical results revealed 
that the squeeze pressure had a major effect on the mechanical properties, followed by the 
melt temperature.  Hajjari et al. [7] successfully cast the 2024 aluminum alloy by a direct 
squeeze casting process. The effect of squeeze pressure on the microstructure and tensile 
of the alloy was investigated. It was found that squeeze casting of 2024 aluminum alloy 
gave rise to the refinement of the microstructure and the reduction of dendrite arm spacing 
(DAS) of the alloy over the gravity cast counterpart. The elimination of porosities was the 
primary reason for increasing the ultimate tensile strength of the alloy up to the applied 
pressure of 50 MPa. But, above 50 MPa applied pressure, finer microstructure due to higher 
cooling rates appeared to be the cause of an increase in tensile properties.  Guo et al. [8] 
applied a combination of low superheat pouring and a shear field to the direct squeeze 
casting technique to rheoform wrought aluminum alloy 2024. The innovated squeeze 
casting process improved the microstructures and mechanical properties of the 2024 alloy 
under an applied pressure of 60 MPa or 90 MPa.  An increase in the applied pressure 
increased the density of the alloy and its mechanical properties. Skolianos et al. [9] used 
squeeze casting technique to cast aluminum AA6061 alloy under different pressure levels 
ranging from 20 to 100 MPa. They found that squeeze casting decreased both the volume 
fraction porosity and the micropore size as well as the size of the dendrites and of the 
interdendritic areas, and the ultimate tensile strength of the as-cast and heat-treated castings 
increased with increasing applied pressures. Their results also showed that the property 
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increase appeared to be independent of the magnitude of the applied pressure. The 
elongation was seen to reach a maximum at the pressure of 60-80 MPa for all as-cast and 
heat-treated samples. Lee et al. [10] applied a finite element model to simulate indirect 
squeeze-casting with different die geometries involving solidification under applied 
pressures. The temperature profile and porosity locations were predicted with the model, 
in which pressure-dependent and casting section thickness-independent heat transfer 
coefficients were employed.  They found that the macro shrinkage cavities that were 
formed at the hot spot were completely eliminated with an applied pressure of 100 MPa.   
Most works on squeeze casting of wrought aluminum alloys were focused only on their 
mechanical properties and microstructure development. There is limited work on the 
determination of the interfacial heat transfer coefficient (IHTC) at the metal/die interface 
during squeeze casting of wrought aluminum alloys.  The previous study [11] indicated the 
contact interface between a casting aluminum alloy A356 and a carbon steel die coated 
with graphite had a great influence on cooling rates and solidification times. There was a 
considerable thermal resistance that exist between the castings and die due to the presence 
of air gap at the interface. The IHTC variation with time after pouring played a notable role 
in controlling the solidification behaviours [11, 12]. In recent years, techniques such as 
computer-aided design and engineering have been rapidly developed. They were widely 
applied in the modeling and simulation of mold filling and alloy solidification during 
various casting processes, the numerical simulation enabled design and casting engineers 
to optimize casting processes and consequently save enormous manufacturing costs. 
However, these computers based techniques could only be beneficial when boundary 
conditions and material properties were well defined.  The IHTC is believed to be one of 
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the most important parameters during the computer simulation of the solidification process 
during casting. Also, in the casting practice, differences in wall thickness of the casting 
significantly varied the local heat transfer coefficients [13]. It is critical to evaluate the 
effect of casting wall thickness, pressure levels and other process parameters on the IHTC.  
In this work, a special five-step casting was designed for numerical determination of 
casting thickness-dependant IHTCs, in which cross-section thicknesses of 2, 4, 8, 12 and 
20 mm were included. Based on the temperature measurements of the casting at each step 
and the temperatures at difference depths underneath the die surface (2, 4 and 6 mm) of 
each step, the inverse method was applied in determining of heat fluxes and heat transfer 
coefficients at the metal/die interface when heat conduction took place during the 
pressurized solidification of wrought aluminum alloy 7075.  The variation of the unknown 
boundary condition with time was assumed. This boundary condition was then applied with 
unknown coefficients, and the interior temperature field was computed in the domain by 
the finite-differences method (FDM). An objective function based on the measured and 
calculated temperature values at various internal points was then determined. It was 
minimized by correcting the values chosen for coefficients used in the boundary condition. 
This was carried out iteratively until a stationary value of the objective function was 
obtained. Therefore, the measurement errors were minimized by this numerical procedure. 
 
2. EXPERIMENTAL PROCEDURE 
 
2.1 Material and squeeze casting  
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2.1.1 Material  
The material used in this study was commercially-available wrought aluminum alloy 7075, 
of which chemical composition is shown in Table 9-1.  The thermophysical properties are 
given in Table 9-2. 
Table 9- 1: Chemical composition of wrought aluminum alloy 7075 (wt. %) 
Zn Mg Cu Cr Fe Si Mn Ti 
5.6 2.5 1.6 0.23 Max 
0.50 
Max 
0.40 
Max 
0.30 
Max 
0.20 
 
Table 9- 2: Thermal-physical parameters of wrought aluminum alloy 7075 
Material 
(kg/m3) 
Cp 
(J/kg K) 
k 
(W/m K) 
Ts 
(oC) 
Tl 
(oC) 
Al 7075 2810 960 130 477 635 
 
2.1.2 Squeeze casting 
 
A 75-ton- hydraulic press was used in the casting experiment. The metal was melt in an 
electric resistance furnace with the protection of nitrogen gas. The holding temperature of 
the furnace was 800oC. As shown in Figure 9-1, the upper die opened along the center, 
which could form a step casting, however, the very top step was designed as an overflow 
which entrapped impurities in the upfront stream of the liquid melt formed during pouring.  
The vent was located on the top of the overflow, which could discharge the air inside the 
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die.  The dimensions of the five casting steps were 100 × 30 × 2 mm (step 1), 100 × 30 × 
4 mm (step 2), 100 × 30 × 8 mm (step 3), 100 × 30 × 12 mm (step 4), 100 × 30 × 20 mm 
(step 5), and they were named steps 1-5 accordingly (Figure 9-2).  The lower die had a 
diameter of 100 mm and a height of 200 mm. Both of the upper and lower dies were 
preheated by cartridge heaters. The upper die had a preheating temperature of 250oC, and 
300oC for the lower die.  The liquid metal was poured into the lower mold at 680oC.  The 
liquid metal was squeeze casted in the upper die under a desired applied pressure, and kept 
holding at that pressure for 25 seconds.  
 
2.2 Experimental measurements of temperatures and pressures 
 
The K-type thermocouples with 1.5 mm in diameter were used to determine the solidifying 
temperatures of the cast molten metal and heating temperatures of the P20 steel die at the 
various positions, as shown in Figure 9-1.  On the left side of the die, there were five 
pressure transducers which were used to collect the pressure data for the five steps with 
section thicknesses of 2, 4, 8, 12, and 20 mm.  They were Kistler pressure transducers 
6175A2 with operating temperature 850oC and pressures up to 200 MPa. There were five 
thermocouples located at each step. At each step, one thermocouple (D) was inserted all 
the way through the die which was used to measure the casting temperature and one 
thermocouple was used to measure the temperatures of the casting surface. The other three 
thermocouples (A, B and C) were 2, 4 and 6 mm away from the inside die surface to 
measure the die temperatures, as shown in Figure 9-3.  In total, twenty-five thermocouples 
were employed to collect the temperature data of all the five steps. Real-time in-cavity 
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local pressures and temperature reading were recorded by a LabVIEW- based data 
acquisition system at regular intervals of 500 ms through the entire measurement period. 
 
Figure 9- 1: Graphical installations of temperature sensor units (TSUs), pressure sensor 
units (PSUs) and data acquisition system. 
 
                                     (a)                            (b)                                 (c) 
Figure 9- 2: 3-D model showing the (a) front view (b) side view and (c) isometric view of 
the 5-step casting. 
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Figure 9- 3: Configuration of installation of the K-type thermocouples, the unit is in 
millimeters. 
 
3. INVERSE ALGORITHM 
 
The heat transfer inside the die can be estimated by the following equation (Eq. 9-1) which 
could be applied for transient heat conduction through one-dimensional problem. As shown 
in Figure 9-4, one-dimensional object was subjected to unknown time-dependent heat 
transfer coefficient at one end, whereas the other end was the heat source that was assumed 
constant throughout the time period considered. 
 
𝜌 𝑐(𝑇)
𝜕𝑇(𝑥,𝑡)
𝜕𝑡
=
𝜕
𝜕𝑥
(𝑘(𝑇)
𝜕𝑇(𝑥,𝑡)
𝜕𝑥′
)                                              9-1 
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This one-dimensional transient heat conduction equation was solved subjected to the 
following boundary and initial conditions. 
 
Figure 9- 4: One-dimension inverse heat conduction problem to be solved for heat transfer 
coefficient. 
𝑇(𝑥0 , 𝑡) = 𝑌(𝑡) 
𝑇(𝐿, 𝑡) = 𝐵(𝑡) 
𝑇(𝐿, 0) = 𝑇𝑖(𝑥) 
 
To find the heat flux at L=0, the following function based on least squares was minimized. 
𝑆(𝑞) = ∑ (𝑇𝑛+𝑖 − 𝑌𝑛+𝑖)
2𝐼=𝑚𝑟
𝑖=1                                       9-2  
                  
𝑚 =
∆𝜃
∆𝑡
 
 
The unknown heat flux 𝑞 was represented by a vector of elements 𝑞(𝑞1 , 𝑞2, … 𝑞𝑛) and the 
heat flux 𝑞(0, 𝑡) was approximated by 𝑞𝑛 by letting each one represent a step. 
 
𝑞(0, 𝑡) = 𝑞𝑛  for  𝜃𝑛−1 < 𝑡 < 𝜃𝑛  
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For the surface sensor node of the die, where the boundary condition was unknown, Eq. 9-
1 can be rearranging as Eq. 9-3a. 
 
(1 + 2𝐹0)𝑇0
𝑝+1 − 2𝐹0𝑇1
𝑝+1 = 2𝐹0
∆𝑥
𝑘
𝑞0 + 𝑇0
𝑝
                    9-3a 
 
For any interior sensor node, the problem was solved from Eq. 9-3b which is rearranged 
form Eq. 2. 
 
(1 + 2𝐹0)𝑇𝑛
𝑝+1 − (𝐹0𝑇𝑛−1
𝑝+1 + 𝑇𝑛+1
𝑝+1) = 𝑇𝑛
𝑝
                             9-3b 
 
𝐹0 =
𝛼∆𝑡
(∆𝑥)2
=
𝑘
𝑐𝜌
∆𝑡
(∆𝑥)2
                                                    9-3c 
 
As illustrated in Figure 9-5, the heat flux at the metal/die interface 𝑞0 at each time step was 
determined at the following procedure: (1) at the first time step, a suitable initial value of 
heat flux 𝑞0 was assumed, which was maintained constant for a definite integer number 
(𝑢 = 2 𝑡𝑜 5) of the subsequent future time steps; (2) according to Eqs. 9-3a and 9-3b, with 
the measured initial die temperature (𝑝 = 0), the temperature distribution at each node of 
the next time step was calculated with this assumed 𝑞0; (3) the assumed heat flux value is 
changed by a small value (𝜀𝑞0); (4) the new temperature distribution value corresponding 
to (𝑞0 + 𝜀𝑞0) was determined accordingly; and (5) the sensitivity coefficient (∅) was 
calculated by Eq. 9-4, which was the partial derivative in Eq. 9-5, the Taylor's series 
approximation. 
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∅𝑝+𝑗−1 =
𝜕𝑇
𝜕𝑞
=
𝑇𝑝+𝑗−1(𝑞𝑛+1
𝑝+𝑗−1
(1+𝜀))−𝑇𝑝+𝑗−1(𝑞𝑛+1
𝑝+𝑗−1
)
𝜀𝑞𝑛+1
𝑝+𝑗−1                            9-4 
 
where the numerator was the difference in temperature calculated using a finite difference 
scheme at the monitored node at the same time step for temperature ( ∆𝑡) , usint the 
boundary condition 𝑞 and 𝑞 + 𝜀. the denominator was the difference in the 𝑞 values, 𝜀 =
0.0001 was used in this work. 
 
𝑇𝑛+𝑖
𝑝+𝑗 ≈ 𝑇𝑛+𝑖
𝑝+𝑗−1 +
𝜕𝑇
𝑛+𝑖
𝑝+𝑗−1
𝜕𝑞𝑛+1
𝑝+𝑗 (𝑞𝑛+1
𝑝+𝑗 − 𝑞𝑛+1
𝑝+𝑗−1)                           9-5 
 
Eq. 9-6 was obtained by minimizing Eq. 9-2 with respect to 𝑞  by setting the partial 
derivative to zero. 
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Figure 9- 5: Flow chart of the inverse algorithm for IHTC estimation at the metal/die 
interface. 
 
𝜕𝐹(𝑞)
𝜕𝑞
=
𝜕
𝜕𝑞
(∑ (𝑇𝑛+𝑖 − 𝑌𝑛+𝑖)
2𝐼=𝑚𝑟
𝑖=1 ) = 0                          9-6 
  
Substituting Eqs. 9-4 and 9-5 in Eq. 9-6, the following equation was obtained 
 
𝜕
𝜕𝑞
(∑ (𝐼=𝑚𝑟𝑖=1 𝑇𝑛+1
𝑝+𝑗−1 + ∅𝑖
𝑝+𝑗−1(𝑞𝑀+1
𝑝+𝑗 − 𝑞𝑀+1
𝑝+𝑗−1) − 𝑌𝑛+𝑖)
2) = 0  
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which gave 
 
∑ ∅𝑖
𝑝+𝑗−1(𝐼=𝑚𝑟𝑖+1 𝑇𝑛+1
𝑝+𝑗−1 − 𝑌𝑛+𝑖 + ∅𝑖
𝑝+𝑗−1(∇𝑞𝑛+1
𝑝+𝑗 )) = 0          9-7 
 
Rearranging Eq. 9-7, the correction term for the heat flux was calculated, given by Eq. 9-
8. 
 
∇𝑞𝑀+1
𝑝 =
∑ (𝑌𝑛+𝑖−𝑇𝑛+1
𝑝+𝑗−1
)∅
𝑖
𝑝+𝑗−1𝐼
𝑖=1
∑ (∅
𝑖
𝑝+𝑗−1
)2𝐼=𝑚𝑟𝑖+1
                                               9-8 
 
 
𝑞𝑐𝑜𝑟𝑟
𝑝
= 𝑞𝑛+1
𝑝
+ ∆𝑞𝑛+1
𝑝
                                               9-9  
 
The corrected heat flux and the new temperature distribution were used as the initial value 
for next cycle of calculation. The calculation process was repeated until the following 
condition was satisfied. 
 
∆𝑞𝑛+1
𝑝
𝑞𝑛+1
𝑝 ≤ 𝜀                                                           9-10 
 
Thus, for all time steps, the surface heat flux and die surface temperature were determined 
according to the above procedures. After the heat flux was computed, the heat transfer 
coefficient ℎ was determined by the following equation, Eq. 9-11. 
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ℎ =
𝑞
𝐴(𝑇𝑐−𝑇𝑑 )
                                                            9-11 
 
4. RESULTS AND DISCUSSION 
 
4.1 Determination of heat fluxes and IHTCs 
 
Figure 9-6 shows three representative 5-step castings of which overflows were trimmed, 
fabricated by the squeeze casting process under the applied pressures of 30, 60 and 90 MPa, 
respectively. Figure 9-7 shows the typical temperature versus time curves for step 2 
(section thickness of 4 mm) of the solidifying step casting of wrought aluminum alloy 7075. 
This demonstrating 5-step casting was fabricated under an applied hydraulic pressure of 60 
MPa.  The results included the measured casting temperature and measured temperatures 
at different depths underneath the die surface (T1-2mm, T2-4mm, and T4-8mm). The 
measured temperature at 2 and 8 mm from the cavity surface were used to evaluate the heat 
flux, IHTC and the die surface temperature. The inversely calculated temperature at 4 mm 
from the cavity surface was compared to the measured temperature at the same distance to 
validate the inverse modeling. As depicted in the Figure 9-8, there was a very good fit 
between the measured and calculated temperatures at 4 mm, indicating that the inverse 
estimation results were quite reliable. 
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(a)                            (b)                           (c)                    
Figure 9- 6: 5-step squeeze castings with the applied pressures of (a) 30, (b) 60 and (c) 90 
MPa. 
 
 
Figure 9- 7: Typical temperature, heat flux and IHTC versus time curves of step 2. 
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Figure 9- 8: The residual error between the measured and calculated temperatures 
evaluated by the inverse method at position T2=4 mm. 
 
Since molten metal filled the cavity from the bottom of the die, pre-solidification occurred 
upon the completion of the cavity filling. The temperature of the die surface at step-2 was 
372.2 oC, and the casting surface temperature was only 529.6 oC.  The casting temperature 
dropped abruptly after the filling process was completed. This indicated that the molten 
metal immediately lost its heat after contacting the die surface upon the commencement of 
the cavity filling. A fast heat transfer at the metal/die interface occurred, which resulted in 
a prompt rise of the die surface temperature and then reached its peak. Once the cavity 
filling finished, the casting temperature continuously decreased. The decreasing slope of 
the casting temperature curve indicated that the cooling rate of the casting decreased as the 
solidification process proceeded. 
-10
-8
-6
-4
-2
0
2
4
6
8
10
250
260
270
280
290
300
310
320
330
340
0 10 20 30 40 50
Re
si
d
u
al
 e
rr
o
r 
(o
C
)
Te
m
p
er
at
u
re
 (
o
C
)
Time (s)
Residual error (oC) 
Temp. at 4mm (Calculated) 
Temp. at 4mm (Measured) 
172 
 
While the casting surface temperature rapidly decreased, the IHTC immediately increased 
after the shot was performed. This abrupt increase was associated with the rapid increase 
in the heat flux until the peak value of 3.61x105 W/m2 was reached. After the peak was 
reached, the heat flux began to decrease rapidly. This phenomenon was due to the fact that 
the close contact previously achieved at the metal/die interface deteriorated. This 
deterioration might be caused by the lack of the required local pressure inside the die as 
the solidification process progressed. The IHTC kept increasing until reaching the peak of 
3238.54 W/m2K and then dropped to a low level. 
 
4.2 Effect of local pressures and section thicknesses 
 
Figure 9- 9: Local pressure and IHTC versus time curves, with the applied pressures of 30, 
60 and 90 MPa for step 2 with the section thickness of 4 mm. 
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The local pressure (LP) at the interface of the step casting and die were also measured 
during the casting process. Figure 9-9 shows the local pressure distributions at the metal/die 
interface of step 2 under the applied hydraulic pressures of 30, 60 and 90 MPa, respectively. 
As the cavity filling was performed, the local pressure increased rapidly to reach its peak 
and then dropped gradually until the pressure-transfer path died out.  The local pressure 
peaks were 3.35, 6.51, and 10.28 MPa for the applied hydraulic pressures of 30, 60 and 90 
MPa, respectively. The IHTC peak increased as the applied pressure increased.  For step 2, 
the IHTC peak value rose from 3238.54 to 5832.39 W/m2K, accordingly with increasing 
the applied pressure from 30 to 90 MPa.  
The variation of the applied pressures led to the different pressure transfer times. For the 
applied pressure of 30 MPa, the pressure-transfer path shrank faster (8.1s) as the 
solidification process proceeded. The pressure-transfer path kept longer (13.7s) when the 
applied pressure increased to 90 MPa. The extended pressure-transfer path indicated that a 
good heat transfer condition was achieved.  
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Figure 9- 10: Typical IHTC and local pressure curves for 5-step casting under the applied 
pressure of 60 MPa. 
 
Figure 9-10 shows the IHTC curves for all the five steps (60 MPa) determined by the 
inverse method. From their profiles of the five steps, the IHTCs started with a rapid 
increasing stage and reached their peak, then decreased gradually until the values fell to 
their lower level. For the section thicknesses of 2, 4, 8, 12 and 20 mm with the applied 
pressure of 60 MPa, the peak IHTC varied as 2174.78, 3238.54, 5436.21, 10826.27 and 
13494.05 W/m2K, respectively. The higher IHTC values indicated the firm contact 
between the casting and die surface was available at the thicker section of the step casting, 
which could be mainly attributed to the presence of the greater local pressure at the thicker 
section. This observation implied that the IHTC values were significantly influenced by 
the wall thickness of the casting,  
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Figure 9- 11: The peak IHTC values and local pressures for the casting under the applied 
hydraulic pressure of 60 MPa varied with the different wall thickness of steps 1 to 5. 
 
As depicted Figure 9-11, the peak IHTC values and local pressures for the casting under 
the applied hydraulic pressure of 60 MPa varied with the different wall thicknesses of steps 
1-5. As the wall thickness increased from 2 to 20 mm, the peak IHTC values increased 
from 2174.78 to 13494.05 W/m2K, accordingly. With increasing the casting wall 
thicknesses from 2, 4, 8, 12 to 20 mm, the local pressure peak values were increased from 
4.21 to 36.48 MPa, respectively. The pressure loss between the instantaneous experimental 
measurements and the hydraulic applied pressure can be calculated by the following 
formula, 
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𝑃𝑙𝑜𝑠𝑠(%) =
𝑃𝑎𝑝𝑝𝑙𝑖𝑒𝑑−𝑃𝑙𝑜𝑐𝑎𝑙
𝑃𝑎𝑝𝑝𝑙𝑖𝑒𝑑
                                           9-12 
 
As the molten metal was filled the cavity from the bottom with the applied pressure of 60 
MPa, the pressure loss at the casting surface was 93%, 89.1%, 76.6%, 62.6% and 39.2% 
from step 1 (top) to step 5 (bottom) of the casting, respectively. A great percentage of 
pressure loss happened at the upper thinner section in comparison to that of the lower 
thicker section. As the section thickness became thinner, this significant increase in the 
pressure loss should mainly attributed to the fast shrink of the pressure-transfer path inside 
the casting during the filling process. 
 
Figure 9- 12: The peak IHTC values versus applied pressures for steps 1 to 5. 
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Figure 9-12 shows the IHTC peak value versus pressure curves for all the five steps. The 
IHTC peak values for each step increased with increasing the applied pressures. As the 
pressures and section thicknesses increased, the IHTC peak values increased significantly. 
The large temperature difference between the casting and the die as well as the relatively 
high local pressure at the thicker steps should be responsible for the high IHTC peak values 
for the thicker steps. 
 
4.3 Application of the determined IHTCs 
 
To demonstrate the applicability of the determined IHTCs, MAGMASoft®, a commercial 
software, was employed to conduct the solidification simulation of the step casting.  During 
the simulation, the temperature distribution was calculated by feeding the different IHTCs 
into the MAGMASoft with the same materials and process parameters, and then compared 
to the measured temperature data at the corresponding location.  There are two different 
types of IHTC value were applied to the simulation: (1) a constant IHTC value of 7000 
W/m2 K (C7000) from MAGAMASoft database for all the five steps. The constant value 
was selected based on the calculated average IHTC peak value of the five steps with the 
applied pressure of 60 MPa; (2) the IHTC values calculated by the inverse method, and the 
five steps were assigned the different determined IHTC curves as inputs in the 
MAGMASoft. Figures 9-13 and 9-14 show the input IHTC curves in the MAGMASoft for 
steps 2 and 5.  
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Figure 9- 13: IHTC derived from the inverse method data applied to MAGMAsoft 
simulation for step 2. 
 
Figure 9- 14: IHTC derived from the inverse method data applied to MAGMAsoft 
simulation for step 5. 
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Figures 9-15 and 9-16 show the comparison of the measured and computational cooling 
curves at the center location of the casting at step 2 and step 5. The recorded temperature 
was experimentally measured by thermocouple D. Before the filling process was 
completed, the casting center as the last solidified location was cooled at a slower rate than 
its outer portion. For steps 2 and 5, the highest temperature of 535.3oC (step 2) and 632.6oC 
(step 5) were below the liquidus temperature 635oC. This observation indicated that the 
pre-solidification occurred in the five step casting adjacent to the metal/die interface during 
filling. As solidification time further increased, the temperature at the center of steps 2 and 
5 decreased toward the solidus temperature at 1.1 s and 15.2 s, respectively. 
 
For step 2, an overestimation of the IHTC (7000 W/m2 K) occurred throughout the whole 
solidification process, since the computed temperatures were lower than the measured 
temperature. For the actual step casting, there was pre-solidification occurred at step 2 and 
the highest temperature was only 535.3oC.  For the MAGMA simulation, the pouring 
temperature value was set to be higher than the liquidus temperature of aluminum 7075. 
Thus, there was a 115oC temperature drop at the early stage of the solidification process. 
For step 5, it appeared that, an underestimation occurred at the stage before reaching the 
solidus temperature. As the solidification proceeded, the calculated temperature curve 
moved downward and stayed below the measured temperature curve. The input of the 
constant IHTC (7000 W/m2 K) seemed to be overestimated.  With the input of the IHTC 
values calculated by the inverse method for steps 2 and 5, the predicted cooling curves 
showed a good fit to the measured temperature curves. The small deviation between the 
experimental measurements and the computed temperatures might result from the presence 
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of the inherent residual error in the inverse calculation of the IHTCs based on the 
temperature measurements in the die.  The results the IHTC comparative study verified 
that the inverse method could be applied to determine the IHTCs between the castings and 
mold reliably.  To achieve the accuracy in casting simulation, IHTC variations at different 
casting geometric locations must be taken into consideration.  
 
 
Figure 9- 15: Comparison of the experimental and computational cooling curve at the 
center of step 2 under an applied pressure of 60 MPa. 
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Figure 9- 16: Comparison of the experimental and computational cooling curve at the 
center of step 5 under an applied pressure of 60 MPa. 
 
5. CONCLUSIONS 
 
A detailed methodology for the numerical understanding of heat transfer phenomena taking 
place during squeeze casting of wrought aluminum alloy 7075 has been developed.  A 5-
step squeeze casting with the various cross-section thicknesses was successfully fabricated 
under the different applied hydraulic pressures (30, 60 and 90 MPa). The heat fluxes and 
IHTCs were successfully determined based on the finite difference-based inverse method. 
Based on the experimental temperature and pressure measurements and calculated results, 
the following conclusions were drawn. 
5) From steps 1 to 5, the peak IHTC values varied from 1683.46 W/m2K to 9473.23 
W/m2K, 2174.78 W/m2K to 13494.05 W/m2K and 3873.45 W/m2K to 15483.01 
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W/m2K for the applied hydraulic pressures of 30, 60 and 90 MPa, respectively. The 
increases in IHTC indicated that the solid contact between the metal and die surface 
could be reached under the higher applied pressures at thicker steps. The thicker step 
required longer time to reach the peak values due to the additional time needed for the 
pressure transfer. 
6) The in-cavity local pressures at the metal/die interface rose rapidly to their peak and 
then dropped gradually until the pressure transfer path died out. Also, the pressure 
transfer path experienced longer time as the applied hydraulic pressure increased from 
30 to 90 MPa. 
7) The pressure loss was significantly influenced by the casting section thicknesses. As 
the section became thinner, the pressure loss rose significantly which was due to the 
pressure-transfer path inside the casting shrank rapidly as the molten metal travelled 
to the thinner section form the bottom thicker section. 
8) The casting wall thickness influenced IHTC significantly. The peak values of the 
IHTC increased as the steps became thicker. The high IHTC peak value for the thicker 
step should mainly attributed to the large temperature differences and relatively high 
local pressures. 
9) The comparison between the measured temperature data and the temperature profiles 
predicted by MAGMASoft simulation, indicated that the accurate and reliable results 
of the step casting simulation were obtained when the varied IHTC values calculated 
by the inverse method were assigned to each step, in comparison to the input of the 
constant IHTC value applied to all the five steps.   
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CHAPTER 10 
DISSERTATION CONCLUSIONS 
In order to fulfil the objectives of this work which stated in Chapter 1, a new 5-step casting 
mold was developed. The interfacial heat transfer coefficients, local pressurises in mold 
cavity and heat transfer phenomena taking place in squeeze casting of wrought aluminum 
alloys 5083, 7075 and magnesium alloys AJ62 and AM60 were characterized. To precisely 
determine the interfacial heat transfer coefficient, the inverse modeling method was 
developed and applied. The main conclusions from this work could be drawn as following:  
1. The influences of applied pressure and casting section thicknesses on the IHTCs of 
the wrought aluminum alloys and cast magnesium alloys were successfully 
determined by applying the concept of 5-step casting. 
2. The polynomial and energy balance methods have been used to estimate the IHTCs 
for the wrought aluminum alloys 5083 and magnesium alloy AJ62. 
3. A mathematical model based on the finite difference method and inverse method 
has been developed for numerical determination of IHTCs of the magnesium alloy 
AM60 and wrought aluminum alloy 7075 by using squeeze casting technique. 
4. By applying the energy balance method on determination of the IHTC of 
magnesium alloy AJ62. It could be concluded that the peak heat flux values for 
steps 1 to 5 were 1.5E+05 W/m2, 1.9E+05 W/m2, 2.7E+05 W/m2, 4.0E+05 W/m2, 
and 6.0E+05 W/m2, respectively. For all steps, the IHTC values increased sharply 
at the beginning right after the liquid metal was pushed into the die cavity, and then 
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dropped gradually after their peaks reached.  The thickness of the step casting had 
a great influence on the IHTC values. The IHTC values increased as the section 
thickness increased. For the five steps from one to five, the peak IHTC were 1,398 
W/m2 K, 1,876 W/m2 K, 4,040 W/m2 K, 6,383 W/m2 K, and 9,066 W/m2 K, 
respectively. Also, the trend of changes of the IHTC was different as the section 
thickness varies. The profile of the IHTC curve became wider as the casting section 
thickness increased. 
5. For magnesium alloy AM60M, the IHTC peak values were observed under applied 
pressures of 30, 60 and 90 MPa. With an applied pressure of 60MPa, the peak IHTC 
values at steps 1, 2, 3, 4, and 5 were 4662 W/m2K, 5001 W/m2K, 5629 W/m2K, 
7871 W/m2K and 8306 W/m2K respectively. As the applied pressure increased to 
90MPa, the peak IHTC values were 5623 W/m2K, 5878 W/m2K, 6783 W/m2K, 
9418 W/m2K and 10649 W/m2K respectively. 
6. For wrought aluminum alloy 5083, the IHTC was investigated under applied 
pressure of 60 MPa. The peak IHTC values varied from 5212, 5578, 6516, 7668 to 
8933 W/m2 K for the casting with section thicknesses of 2, 4, 8, 10 and 20 mm, 
respectively, under an applied pressure of 60 MPa. The increases in IHTC indicated 
that the solid contact could be reached at the metal/die interface for the thicker steps, 
since the thicker step required longer time to reach the peak values due to the 
additional time needed for the pressure transfer.  
7. For wrought aluminum 7075 alloy, the IHTC between the wrought alloy and steel 
die was estimated by the extrapolation method based on the temperature 
measurements during squeeze casting under the applied pressure of 60 MPa. All 
187 
 
the IHTC curves presented a similar pattern. After the pressure was applied, the 
curves increased rapidly until their peak were reached and then decreased until they 
arrived at their plateaus.  The step thickness had a significant influence on the shape 
of the IHTC curves. Their profiles became expanded, tall and steep as the step 
thicknesses increased. The step thickness also varied the IHTC values. It increased 
as the section thickness increased. Comparing the IHTC curves for step1 to step 5, 
the IHTC values varied form 1.33x103 W/m2 K to 11.75x103 W/m2 K. It took 
almost 6s longer for step 5 to reach its peak compared with step 1. 
8. For wrought aluminum alloy, the IHTC was also determined by applying the 
inverse method. From steps 1 to 5, the peak IHTC values varied from 1683.46 
W/m2K to 9473.23 W/m2K, 2174.78 W/m2K to 13494.05 W/m2K and 3873.45 
W/m2K to 15483.01 W/m2K for the applied hydraulic pressures of 30, 60 and 90 
MPa, respectively. The increases in IHTC indicated that the solid contact between 
the metal and die surface could be reached under the higher applied pressures at 
thicker steps. The thicker step required longer time to reach the peak values due to 
the additional time needed for the pressure transfer. 
9. The in-cavity local pressures at the metal/die interface rose rapidly to their peak 
and then dropped gradually until the pressure transfer path died out. Also, the 
pressure transfer path experienced longer time as the applied hydraulic pressure 
increased from 30 to 90 MPa. 
10. The pressure loss was significantly influenced by the casting section thicknesses. 
As the section became thinner, the pressure loss rose significantly which was due 
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to the pressure-transfer path inside the casting shrank rapidly as the molten metal 
travelled to the thinner section form the bottom thicker section. 
11. The casting wall thickness influenced IHTC significantly. The peak values of the 
IHTC increased as the steps became thicker. The high IHTC peak value for the 
thicker step should mainly attributed to the large temperature differences and 
relatively high local pressures. 
12. For magnesium alloy AM60 and wrought aluminum 7075, a comparison was 
carried out between the measured temperature data and the temperature profiles 
predicted by MAGMASoft simulation. The results indicated that the accurate and 
reliable results of the step casting simulation were obtained when the varied IHTC 
values calculated by the inverse method were assigned to each step, in comparison 
to the input of the constant IHTC value applied to all the five steps.   
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CHAPTER 11 
FUTURE WORKS 
 
This study carried out in this thesis provides the groundwork to pursue further 
investigations in the future. The following aspects are worth exploring. 
 To evaluate mechanical properties of squeeze cast wrought aluminum and 
magnesium alloys influenced by casting section thicknesses and processing 
parameters; 
 To investigate the relations between the mechanical properties and the interfacial 
heat transfer coefficients and cooling behaviours of the squeeze cast wrought 
aluminum and magnesium alloys. 
 To optimize squeeze casting process parameters including applied pressure levels, 
die temperatures, liquid metal pouring temperatures and pressure holding times. 
 To establish a standardized data bank for material properties and boundary 
conditions in simulation software (MAGMAsoft). Based on the author’s survey, it 
is found that, with the advent of the modern and powerful computer, the computer 
simulation software has rapidly been developed and produced very impressive 
results. However, the application of the simulation software is limited by the 
available data for certain materials. Hopefully, a universal data bank for the 
simulation software will be built in the near future and accessible to all users.  
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APPENDIX B 
MATLAB SOUCE CODE OF INVERSE MODELING METHOD 
MATLAB 7.1.0.246 (R14) 
 
Inverse_method.m 
 
function fd1d_heat_implicit ( ) 
 
%% MAIN is the main program for FD1D_HEAT_IMPLICIT. 
% 
%    FD1D_HEAT_IMPLICIT solves the 1D heat equation with an implicit method. 
% 
%    This function solves 
% 
%      dUdT - k * d2UdX2 = F(X,T) 
% 
%    over the position interval [A,B] with boundary conditions 
% 
%      U(A,T) = UA(T), 
%      U(B,T) = UB(T), 
% 
%    over the temperature interval [T0,T1] with initial conditions 
% 
%      U(X,T0) = U0(X) 
% 
%    The code uses the finite difference method and an implicit to calculate  
%    backward Euler approximation to the first derivative in time. 
% 
%    The finite difference form can be written as 
% 
%      U(X,T+dt) - U(X,T)                  ( U(X-dx,T+dt) - 2 U(X,T+dt) + U(X+dx,T+dt) ) 
%      ------------------ = F(X,T+dt) + k *  -------------------------------------- 
%               dt                                   dx * dx 
% 
%    so that we have the following linear system for U at time T+dt: 
% 
%            -     k * dt / dx / dx   * U(X-dt,T+dt) 
%      + ( 1 + 2 * k * dt / dx / dx ) * U(X,   T+dt) 
%            -     k * dt / dx / dx   * U(X+dt,T+dt) 
%      =               dt             * F(X,   T+dt) 
%      +                                U(X,   T) 
% 
 
  timestamp ( ); 
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  fprintf ( 1, '\n' ); 
  fprintf ( 1, 'FD1D_HEAT_IMPLICIT\n' ); 
  fprintf ( 1, '  MATLAB version\n' ); 
  fprintf ( 1, '\n' ); 
  fprintf ( 1, '  Finite difference solution of\n' ); 
  fprintf ( 1, '  the time dependent 1D heat equation\n' ); 
  fprintf ( 1, '\n' ); 
  fprintf ( 1, '    Ut - k * Uxx = F(x,t)\n' ); 
  fprintf ( 1, '\n' ); 
  fprintf ( 1, '  for space interval A <= X <= B with boundary conditions\n' ); 
  fprintf ( 1, '\n' ); 
  fprintf ( 1, '    U(A,t) = UA(t)\n' ); 
  fprintf ( 1, '    U(B,t) = UB(t)\n' ); 
  fprintf ( 1, '\n' ); 
  fprintf ( 1, '  and temperature T0 <= T <= T1 with initial condition\n' ); 
  fprintf ( 1, '\n' ); 
  fprintf ( 1, '    U(X,T0) = U0(X).\n' ); 
  fprintf ( 1, '\n' ); 
  fprintf ( 1, '  A second order difference used for Uxx.\n' ); 
  fprintf ( 1, '\n' ); 
  fprintf ( 1, '  A first order backward Euler difference approximation\n' ); 
  fprintf ( 1, '  is used for Ut.\n' ); 
 
  k = 5.0E-07; 
% 
%  Set X values. 
% 
  x_min = 0.0; 
  x_max = 0.3; 
  x_num = 11; 
  x_delt = ( x_max - x_min ) / ( x_num - 1 ); 
 
  x = zeros ( x_num, 1 ); 
 
  for i = 1 : x_num 
    x(i) = ( ( x_num - i     ) * x_min   ... 
           + (         i - 1 ) * x_max ) ... 
           / ( x_num     - 1 ); 
  end 
%  
%  Set T values. 
% 
  t_min = 0.0; 
  t_max = 720.0; 
  t_num = 51; 
  t_delt = ( t_max - t_min ) / ( t_num - 1 ); 
206 
 
 
  t = zeros ( t_num, 1 ); 
 
  for j = 1 : t_num 
 
    t(j) = ( ( t_num - j     ) * t_min   ... 
           + (         j - 1 ) * t_max ) ... 
           / ( t_num     - 1 ); 
  end 
% 
%  Set the initial data, for T_MIN. 
% 
  u = zeros ( x_num, t_num ); 
  u(1:x_num,1) = u0 ( x_min, x_max, t_min, x ); 
% 
%  The matrix A does not change with time.  We can set it once, 
%  factor it once, and solve repeatedly. 
% 
  a = sparse ( [], [], [], x_num, x_num ); 
 
  w = k * t_delt / x_delt / x_delt; 
 
  a(1,1) = 1.0; 
 
  for i = 2 : x_num - 1 
    a(i,i-1) =           - w; 
    a(i,i  ) = 1.0 + 2.0 * w; 
    a(i,i+1) =           - w; 
  end 
 
  a(x_num,x_num) = 1.0; 
 
  b = zeros ( x_num, 1 ); 
  fvec = zeros ( x_num, 1 ); 
 
  for j = 2 : t_num 
% 
%  Set the right hand side B. 
% 
    b(1) = ua ( x_min, x_max, t_min, t(j) ); 
 
    fvec = f ( x_min, x_max, t_min, t(j), x_num, x ); 
 
    b(2:x_num-1) = u(2:x_num-1,j-1) + t_delt * fvec(2:x_num-1); 
 
    b(x_num) = ub ( x_min, x_max, t_min, t(j) ); 
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    u(1:x_num,j) = a \ b(1:x_num); 
 
  end 
% 
%  Write data to files. 
% 
  x_file = 'x.txt'; 
  header = 0; 
  dtable_write ( x_file, x_num, 1, x, header ); 
  fprintf ( 1, '\n' ); 
  fprintf ( 1, '  X data written to "%s".\n', x_file ); 
 
  t_file = 't.txt'; 
  dtable_write ( t_file, t_num, 1, t, header ); 
 
  fprintf ( 1, '  T data written to "%s".\n', t_file ); 
 
  u_file = 'u.txt'; 
  dtable_write ( u_file, x_num, t_num, u, header ); 
 
  fprintf ( 1, '  U data written to "%s".\n', u_file ); 
% 
%  Make a product grid of T and X for plotting. 
% 
  [ t_grid, x_grid ] = meshgrid ( t, x ); 
% 
%  Make a mesh plot of the solution. 
% 
  mesh ( t_grid, x_grid, u ); 
% 
%  Terminate. 
% 
  fprintf ( 1, '\n' ); 
  fprintf ( 1, 'FD1D_HEAT_IMPLICIT\n' ); 
  fprintf ( 1, '  Normal end of execution.\n' ); 
  fprintf ( 1, '\n' ); 
  timestamp ( ); 
 
  return 
end 
 
function dtable_write ( output_filename, m, n, table, header )  
 
%**************************************************************** 
%  Parameters: 
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% 
%    Input, string OUTPUT_FILENAME, the output filename. 
% 
%    Input, integer M, the spatial dimension. 
% 
%    Input, integer N, the number of points. 
% 
%    Input, real TABLE(M,N), the points. 
% 
%    Input, logical HEADER, is TRUE if the header is to be included. 
% 
  output_unit = fopen ( output_filename, 'wt' ); 
 
  if ( output_unit < 0 )  
    fprintf ( 1, '\n' ); 
    fprintf ( 1, 'DTABLE_WRITE - Error!\n' ); 
    fprintf ( 1, '  Could not open the output file.\n' ); 
    error ( 'DTABLE_WRITE - Error!' ); 
    return; 
  end 
 
  for j = 1 : n 
    for i = 1 : m 
      fprintf ( output_unit, '%14f  ', table(i,j) ); 
    end 
    fprintf ( output_unit, '\n' ); 
  end 
 
  fclose ( output_unit ); 
 
  return 
end 
function value = f ( a, b, t0, t, x_num, x ) 
 
%**************************************************************** 
% 
%% F returns the right hand side of the heat equation. 
% 
%  Parameters: 
% 
%    Input, real A, B, the left and right endpoints. 
% 
%    Input, real T0, the initial temperature. 
% 
%    Input, real T, the current temperature. 
% 
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%    Input, integer X_NUM, the number of points. 
% 
%    Input, real X(X_NUM), the current spatial positions. 
% 
%    Output, real VALUE(:), the prescribed value of U(X(:),T0). 
% 
  value = zeros ( x_num, 1 ); 
 
  return 
end 
 
function timestamp ( ) 
 
%***************************************************************% 
%% TIMESTAMP prints the current YMDHMS date as a timestamp. 
% 
  t = now; 
  c = datevec ( t ); 
  s = datestr ( c, 0 ); 
  fprintf ( 1, '%s\n', s ); 
 
  return 
end 
 
function value = u0 ( a, b, t0, x ) 
 
%***********************************************************% 
%% U0 returns the initial condition at the starting time. 
% 
%  Parameters: 
% 
%    Input, real A, B, the left and right endpoints 
% 
%    Input, real T0, the initial time. 
% 
%    Input, real T, the current time. 
% 
%    Input, real X(:), the positions at which the initial condition is desired. 
% 
%    Output, real VALUE, the prescribed value of U(X,T0). 
% 
  value = x; 
  value = 100.0; 
 
  return 
end 
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function value = ua ( a, b, t0, t ) 
 
%***********************************************************% 
%% UA returns the boundary condition at the left endpoint. 
% 
%  Parameters: 
% 
%    Input, real A, B, the left and right endpoints 
% 
%    Input, real T0, the initial time. 
% 
%    Input, real T, the current time. 
% 
%    Output, real VALUE, the prescribed value of U(A,T). 
% 
  x = a; 
 
  value = 20; 
 
  return 
end 
 
function value = ub ( a, b, t0, t ) 
 
%**********************************************************% 
%% UB returns the boundary condition at the right endpoint. 
% 
%  Parameters: 
% 
%    Input, real A, B, the left and right endpoints 
% 
%    Input, real T0, the initial time. 
% 
%    Input, real T, the current time. 
% 
%    Output, real VALUE, the prescribed value of U(B,T). 
% 
  x = b; 
 
  value = 20; 
 
  return 
end 
 
clear; clc; 
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T_m = dlmread('step1-T1T4.txt'); 
 
 
 
% M = dlmread(filename) reads from the ASCII-delimited numeric data  
% file filename to output matrix M. The filename input is a string  
% enclosed in single quotes. The delimiter separating data elements is  
% inferred from the formatting of the file. Comma (,) is the default  
%  delimiter. 
% 
 
[m,~] = size(T_m); 
T_c = zeros(m,4); 
t_q = zeros(m,4); 
t_newq = zeros(m,4); 
X = zeros(m,1); 
Tmp = zeros(m+1,6); 
q = zeros(m+1,1); 
 
% Define the temperature’s parameters. 
% 
  
T_c(1,:) = T_m(1,1); 
  
q(1) = 5e1; 
eq = 1e0; 
p = 1; 
Tmp(1,1) = q(1); 
  
t_q(p,:) = get_T(T_m,T_c,q(p),p); 
newq = q(p) + eq; 
t_newq(p,:) = get_T(T_m,T_c,newq,p); 
X(p) = (t_newq(p,2) - t_q(p,2))/eq; 
q(2)=q(p); 
T_c(p+1,:) = t_q(p,:); 
 
fd1d_heat_implicit ('step1-T1T4.txt') 
for p = 2:m-1 
    q(p) = 5e1; 
    while 1 == 1 
        t_q(p,:) = get_T(T_m,T_c,q(p),p); 
        T_c(p+1,:) = t_q(p,:); 
        newq = q(p) + eq; 
        t_newq(p,:) = get_T(T_m,T_c,newq,p); 
        X(p) = (t_newq(p,2) - t_q(p,2))/eq; 
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        delta_q = (((T_m(p,1)-t_q(p-1,2))*X(p-1))+((T_m(p+1,1)-t_q(p,2))*X(p)))/(X(p-
1)^2+X(p)^2); 
        if (delta_q/q(p)) < 0.01 
            Tmp(p,1) = q(p); 
            break; 
        else q(p) = q(p) + delta_q; 
        end 
    end 
end 
  
Tmp(1,2:5) = T_m(1,1); 
Tmp(2:m+1,2:5) = t_q; 
  
t = 0:m-1; 
figure(5) 
plot(t,Tmp(1:561,3),':',t,T_m(:,1),'--') 
text(300,360,'-- T1 measured','FontSize',9) 
text(300,375,'.. T1 calculated','FontSize',9) 
  
figure(6) 
plot(t,Tmp(1:561,2),':',t,Tmp(1:561,3),'',t,Tmp(1:561,4),'',t,Tmp(1:561,5),'',t,T_m(:,2),'') 
text(300,360,'.. T0 calculated','FontSize',9) 
text(300,370,'-- T1 calculated','FontSize',9) 
text(300,380,'-- T2 calculated','FontSize',9) 
text(300,390,'-- T3 calculated','FontSize',9) 
text(300,400,'-- T4 measured','FontSize',9) 
  
figure(7) 
t = 0:m; 
plot(t,q) 
title('q') 
  
t = 0:m-1; 
m_c = Tmp(1:561,3)-T_m(:,1); 
figure(8) 
plot(t,m_c) 
Tmp(1:561,6) = m_c; 
  
dlmwrite('0421-step1-Table.txt', Tmp, 'precision', '%.2f', 'newline', 'pc'); 
 
Get_T.m 
 
function T = get_T(T_m,T_c,q,p) 
F_0 = 0.2; 
alpha = 8.27e-6; 
deltaT = 0.1; 
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k = 29.5; 
deltaX = 2e-3; 
  
A = [(1+2*F_0),    -2*F_0,         0,         0 
          -F_0, (1+2*F_0),      -F_0,         0 
             0,      -F_0, (1+2*F_0),      -F_0 
             0,         0,      -F_0, (1+2*F_0)]; 
  
g = ((2*alpha*q*deltaT)/(k*deltaX)); 
  
C = [T_c(p,1)+g 
     T_c(p,2) 
     T_c(p,3) 
     T_c(p,4)+F_0*T_m(p,2)]; 
  
T = A\C; 
T = T'; 
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